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Abstract
When an object comes into contact with the human fingertip, surface loads imposed on the fingerpad are
transmitted to thousands of specialized nerve endings embedded in the skin tissue. These nerve endings,
called mechanoreceptors, transduce the mechanical signals to generate a neural code of the incident
stimuli enabling us to feel the object. The neural codes, generated by the spatial distribution of responding
mechanoreceptors, are in the form of a temporal sequence of action potentials and tactile information is
encoded in the timing of each generated action potential. This thesis presents the development of
predictive models to gain an understanding of the processes leading to mechanosensation. More
specifically we study and model (1) how surface loads are transmitted to embedded mechanoreceptors
and (2) how one type of mechanoreceptor (slowly adapting type-i or SAl) transduce these mechanical
signals to a sequence of action potentials. We study these processes in two model organisms, namely the
nematode C.elegans and the primate Rhesus macaque, each presenting its own advantages. Due to the
physiological similarity of their anatomy and readily available mechanoreceptor neurophysiological data,
primates are a popular model organism used to study the human tactile system. The study of the nematode
C.elegans provides us with the advantage of understanding the sense of touch at a molecular level.
To understand how loads are transmitted to embedded mechanoreceptors, it is essential to understand and
characterize the behavior of underlying tissue. Most models in literature describing the primate fingertip
use elastic models and compare the strain energy density at a mechanoreceptor location with the static
steady state firing rate of the mechanoreceptor. We present experiments to measure the bulk viscoelastic
properties of the primate finger tissue in vivo and non-invasively through a combination of single point
indentation and numerical simulation. We develop, calibrate and validate realistic finite element models
for the finger and use it to show that the stress relaxation of tissue surrounding the mechanoreceptor
seems to regulate the dynamic firing rate of SA- 1 mechanoreceptors. We then present a point process
model, based on the Pareto distribution, to predict the dynamic frequency of action potentials and
compare our predictions with experimental data where the finger is indented with a flat plate.
In the last part of the thesis, we describe experiments to characterize the biomechanics of the nematode
C.elegans. Current models in literature describe the body of the nematode as a shell with internal
pressure. We propose a multilayer finite element model as an alternative to the shell model and show that
it is better at predicting both force response data (obtained using AFM indentation) and surface deflection
data due to indentation by a micro spherical indenter. Finally, we use the Hodgkin-Huxley model to
predict the membrane potential of the PLM mechanoreceptor in C.elegans and compare our results with
experimental data in literature.
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Chapter 1
Introduction
1.1 Background and Motivation
The sense of touch, despite its prevalence and importance in our daily lives, is the least
understood of all the five senses. A loss of touch sensation can be debilitating and it
characterizes many disease states, it is found in patients affected by peripheral sensory
neuropathy caused by diabetes, tumors, toxins (for example arsenic and lead), autoimmune
responses (including HIV) and vascular and metabolic disorders. It is also a common occurrence
after physical trauma. Numbness of the lower limbs, which is a sign of loss of touch sensitivity,
also characterizes Charcot-Marie-Tooth disease, a genetic disorder that debilitates more than
120,000 Americans annually. It is not clear if the loss of specific touch modalities can predict
these diseased states or perhaps give us more insight into the causes of these diseases. The
problem is compounded due to the fact that so little is known about how these cells operate and
the protein machinery behind the cells.
The goal of this thesis is to develop a better understanding of the mechanisms of touch through
the development of a predictive multiscale model of the tactile system. More specifically, we
want to understand and model how pressure/load information (subjected on the finger pad of the
skin) is transmitted to specialized nerve endings embedded within the tissue and is transduced to
electrical signals. A model that can predict the behavior of the mechanoreceptor is essential for
developing state of the art neuroprosthetic devices. It was estimated that 1.6 million people lived
in the US with a loss of a limb in 2005 (Ziegler-Graham et al, 2008). In addition to this, each
year an estimated 158,000 persons undergo amputations (Dillingham et al, 2002). More recently,
a study was conducted of all US casualties recorded in the recent conflicts in Iraq and
Afghanistan from October 1 2001 to June 1 2006. It was found that of the 8058 military
casualties meeting the listed criteria, 5684 (70.5%) were recorded as having major limb injuries.
Of these, 423 (5.2% of all serious injuries; 7.4% of major limb injuries) underwent major limb
amputation or amputation at or proximal to the wrist or ankle joint (Stansbury et al, 2008).
However, in spite of the prevalence studies show that a large number of amputees do not use a
prosthetic device. The documented rate of prosthesis use for upper limb amputation (ULA) is
estimated to be as low as 27% (Wright et al, 1995) to 56% (Davidson J, 2002).
T 1. PRESSURE 2. DSP- based 3. Output Interface
0 SENSOR Signal Processing Circuit FSensing of SystemU pressure Pressure Transmission of E
C - Information based Information is synthesized neural ' E
H on prosthetic converted to signal to relevanttc relevant neural circuit in the armtouch signals L
Figure 1.1 A schematic of a neuro-prosthetic device for amputees
We hope the models developed in this thesis will help improve current prosthetic devices by
paving the way for the development of an integrated neuroprosthetic device, where an electronic
version of the mechanoreceptor based on our models can be incorporated in prosthetic devices
thus, in principle, enabling amputees "feel" through the prosthetic arm. A schematic of such a
device is shown in figure 1.
1.2 The Human Tactile system
When an object comes into contact with the human finger, the interaction between the object and
the surface of the skin results in a load distribution across the surface of the fingerpad skin. This
load distribution is transmitted through the skin tissue to thousands of specialized sensory nerve
endings embedded within the human skin. These specialized nerve endings, called
mechanoreceptors, convert these incident mechanical signals into a sequence of electrical
impulses called action potentials. The information about the input stimulus is encoded in the
timing of these action potentials. The sequence of electrical impulses generated by the
mechanoreceptors is then sent to the brain, the interpretation of which results in us "feeling" the
object.
Meissner corpusce
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Figure 1.2 The four types of mechanoreceptors embedded in the skin . They
Pacinian corpuscles, Ruffini organs and Merkel Disks (from Neuroscience, 2003)
are the Meissner corpuscles, the
Though the human fingertip is innervated with thousands of mechanoreceptors, they can be
divided into four types; Merkel disks, Meissner's corpuscles, Pacinian corpuscles and Ruffini's
organs. Figure 1.2 shows a section of the human fingerpad showing each type of
mechanoreceptor. These mechanoreceptors are also classified based on their behavior to a ramp
and hold stimulus. Rapidly adapting mechanoreceptors (RA) respond only to the ramp phase of
the ramp and hold stimulus while slowly adapting receptors adapt respond both to the ramp and
hold phases of the input stimulus.
Figure 1.3 shows the response of slowly adapting and rapidly adapting mechanoreceptors to a
ramp and hold stimulus (force controlled). A flat plate as well as cylinders of different radii are
pressed against the fingerpad and held at constant force. The x axis represents time and each
vertical tick on the x axis represents an action potential. The neurophysiological response for 4
independent trials is shown next to each indenter. Slowly adapting mechanoreceptors include
Merkel Disks and Ruffini's corpuscles while rapidly adapting mechanoreceptors include the
Meissner corpuscles and the Pacinian receptors.
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Figure 1.3 The neurophysiological response of slowly adapting (SA) and rapidly adapting (RA) mechanoreceptors
to force controlled ramp and hold stimulus. Responses to indentation with a flat plate and cylinders of different radii
are also shown. (from Srinivasan and LaMotte, 1991).
Meissner's corpuscles are the most common sensory receptors of glabrous skin and account for
40% of all mechanoreceptors of the human hand. They innervate the human and primate
fingertip densely (150 per mm2) and have small receptor fields (Johnson et al, 2000). They reside
between the dermal papillae just below the epidermis. They are elongated receptors formed by a
connective tissue capsule comprising of several layers of Schwann cells. At the center of the
capsule there are one or more nerve afferent fibers that generate rapidly adapting action
potentials to stimuli. They are sensitive to low frequency vibrations (30-50 Hz).
Pacinian corpuscles make up about 10-15% of cutaneous receptors in the hand. They are large
encapsulated endings located deep in the subcutaneous tissue. They are onion shaped capsules
where the inner core is separated by the outer lamellae by a fluid filled layer. One or more nerve
afferent fibers lie at the center of the capsule. The capsule acts like a filter allowing only high
frequency disturbances to activate the nerve afferent. The Pacinian receptors are sensitive to high
frequency vibrations (250-350 Hz).
Nerve fiber
Lainelae
Figure 1.4 The Pacinian corpuscle (From Gray's anatomy of the human body (30th edition))
Merkel's disks account for 25% of the mechanoreceptors in the hand. They are located at the
interface of the dermis and epidermis along the dermal papillae and innervate the skin quite
densely, about 100 per cm2 in the human and monkey fingertip (Johnson et al, 2000). They
respond to sustained indentation and have small receptive field diameters. They are responsible
for sensing points, edges, shapes and rough textures. As compared to other mechanoreceptors,
Ruffini's corpuscles are not that well understood. They account for about 20% of the
mechanoreceptors of the human hand. They have elongated spindle shaped capsular structures
which are oriented parallel to and are sensitive to skin stretch.
Nerve Fibers
Connective tissue sheath
Figure 1.5 Nerve ending of Ruffini (From Gray's anatomy of the human body (30th edition))
As we can see from the above, the processes leading to tactile sensation in the hand is not trivial.
A simple task such as holding a cup of coffee in our hand and preventing it from slipping
involves thousands of tactile receptors (each of which senses a different type of mechanical
stimuli) sending a series of electrical impulses to the brain which instructs the muscles and
tendons in the hand to adjust accordingly based on what we feel. The role of the biomechanics of
skin tissue surrounding the mechanoreceptors cannot be understated. The loads that are
transmitted to the receptor locations from the surface are highly dependent on the mechanical
properties of the underlying tissue. The next section will focus on work done in literature to build
accurate biomechanical models of the finger to predict mechanoreceptor response.
1.3 Primates as a model organism
One of the first observations of an electrical response to mechanical stimuli in nerve cells was
made in the mid 1920s by ED Adrian (Adrian et al, 1926). Since then, a lot of progress has been
made in understanding the human tactile system. However, even today it is still not very clear
exactly how these sensory cells operate. A lot more needs to be known about the behavior as
well as the components of the protein machinery that constitutes these touch complexes and their
roles in converting incident mechanical stimuli into ionic currents.
Due to the difficulty in studying such processes in humans, it is advantageous to use a model
organism where neurophysiological and biomechanical experiments are more feasible. Due to
the physiological similarity of its anatomy, primates are a popular model organism used to study
the human tactile system. Considerable work has been done in developing geometrically accurate
3D finite element models (elastic) of the primate fingertip to study tactile perception. We will
discuss these models in section 1.3.
1.4 Biomechanical models of the primate finger
There has been a lot of progress in the development of accurate biomechanical models of the
primate finger pad. Early models of the finger pad (Phillips and Johnson, 1981) idealized the
finger to be an incompressible, homogenous, isotropic linearly elastic half space. The "waterbed
model" (Srinivasan, 1989) assumed the finger pad to be an elastic membrane under pressure.
Experiments were done to measure the surface deflection profile of the human and primate finger
to a sharp wedge. The "waterbed model" was also indented with a wedge (line load) and an
analytic solution of its surface deflection profile was estimated.
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Figure 1.6 The "waterbed model" (A) shows a schematic of the waterbed model. (B) shows two hypothetical
mechanoreceptors embedded in the incompressible tissue experience the same hydrostatic pressure due to an applied
line load with force, F (C) shows the surface deflection profile of a primate and human finger matches well with that
predicted by the "water bed" model. (Figures are adapted from Srinivasan, 1989)
This model was successful in accurately predicting human and monkey fingertip surface
deflection to line loads. However, the model does have some shortcomings. If we consider two
mechanoreceptors, MI and M2 (figure 1.6B) embedded inside the "water bed" at different
depths. For any applied load, P, both the mechanoreceptor will feel the same pressure P. There is
no attenuation of mechanical signals with depth. Thus, these two mechanoreceptors should
produce the same neural codes for the applied load. Thus, though the model was good in
predicting the surface deflection profile due to an applied indentation with a line load, it could
not be used to explain the transduction of mechanical signals into neural codes. There is a need
for more mechanistic models to predict mechanoreceptor response.
Primate mechanoreceptor neurophysiological data is available in literature. Experiments done by
Phillips and Johnson (1981 a) consisted of indenting a rectangular aperiodical grating (see figure
1.8 B) across the most sensitive spot of the fingerpad skin surface of a primate. During each
indentation and recordings were made from individual peripheral nerve fibers from the ulnar and
median nerves in the upper arm of the primate. The indenter was then moved laterally across and
then indented again and so on. These experiments recorded the average steady state spike rate of
the mechanoreceptors.
To address the shortcomings of the waterbed model, two dimensional finite element models of
the monkey fingertip were developed (Srinivasan and Dandekar, 1996; Maeno et al, 1998).
Figure 1.7A shows the 2 D finite element model developed by Srinivasan and Dandekar which
consists of a rigid bone embedded inside a cylinder. The nodes at the lower end of the cylinder
(figure 1.8A) were fixed to simulate the nail which was also glued during experiments and the
nodes near the top surface had a finer spatial resolution. An aperiodic rectangular grating, similar
to what was used in the experiments by Phillips and Johnson was used to indent the model.
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Figure 1.7 2D finite element model of the primate fingertip (A) shows the cross section of the cylinder model with a
rigid embedded bone. Nodes at the bottom of the cylinder were constrained to simulate the fingernail. (B) shows the
surface deflection profile of the skin surface when indented with a line load. Experimental data is compared with
numerical predictions including the cylinder and bone model (C) shows the comparison of experimentally recorded
SA fiber spatial response profile (Phillips and Johnson, 1981 a) compared with spatial profiles of maximum
compressive strain, absolute shear strain and strain energy density using he cylinder and bone model (Figures are
adapted from Srinivasan and Dandekar, 1996)
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Figure 1.8 3D multilayer finite element model of the primate finger (A) shows three slices of the cross section of the
3D finite element model of the primate finger with realistic geometry. The inner most layer (black) is the bone and
the outer four layers are tissues (B) shows the comparison of the experimental surface deflection profile of the skin
surface (Srinivasan, 1989) due to indentation with a line load with predictions of the 3D multilayer model. (C)
shows the comparison of the neural response of SAl afferents to indentation with shaped step indenters (Srinivasan
and LaMotte, 1987) with spatial profiles of strain energy density at a prospective mechanoreceptor location (0.75
mm under the surface) are used to estimate the firing frequency (Figures are adapted from Dandekar et al, 2003)
In each indentation, a strain measure of interest at a fixed mechanoreceptor location was
computed. Figure 1.8B shows the comparison of the recorded neurophysiological data of the
SAl fibers (Phillips and Johnson, 1981) spatial profiles with three measures strain obtained from
the 2D cylinder model. The maximum compressive strain (R 2=0.8 5), absolute shear strain
(R2=0.80) and the strain energy density (R 2=0.86) were found to match very well with the
neurophysiological static firing rate of data. The strain energy density and maximum
compressive stress emerge as the best candidates relevant to predicting SAl mechanoreceptor
response.
However, mechanoreceptors are oriented randomly within the skin tissue. If it is assumed that a
particular receptor is able to measure strain in a fixed direction, then in order to measure the
maximum compressive strain, the receptor should be oriented in a particular direction to measure
strain in the principle direction. The principle direction at a given location varies with the
stimulus and thus a receptor fixed in its orientation cannot measure the maximum compressive
strain for all stimuli. The strain energy density in contrast is an invariant of the strain tensor and
does not depend on the direction of measurement at a given point and seems to be a better
candidate to predict static mechanoreceptor response. When the model is indented with a line
load to estimate the surface deflection profile due to the applied indentation, it was found that the
2D model was not a good fit with experimental data (Srinivasan, 1989). Thus, though the 2D
model thus was successful in predicting static discharge rates of SA1 mechanoreceptors it was
not able to match surface deflection data. There was a need to further develop models that were
able to predict both these independent sets of data.
Dandekar et al (2003) developed a 3D finite element model of the primate finger with realistic
geometry. The model is shown in figure 1.8A. The five layered model consisted of an innermost
layer of bone followed by 4 layers of tissues whose mechanical properties could be varied. It was
found that a 3 layered model, where the ratio of the elastic modulii of the each of the layers were
10403:1:3:103:108 (where the last layer is the bone) was sufficient in predicting both the surface
deflection profile due to a line load (figure 1.8B) as well as the neurophysiological data of SAl
afferents due to indentation with shaped indenters (figure 1.8C). The material models used were
linear elastic for the skin tissue where a Poisson's Ratio of 0.48 was used (considering the tissue
to be incompressible). Again the strain energy density at the mechanoreceptor locations was
shown to be the likely strain measure coded by the mechanoreceptors.
The studies mentioned in this section enable us to model the behavior of the mechanoreceptor on
a micro scale using the primate as a model organism. The mechanoreceptor is assumed to be a
"black box" where mechanical signals go into the black box as an input and electrical impulses
act as the output. As has been mentioned earlier, the models developed here have applications in
developing state of the art neuroprosthetic devices that would enable amputees feel through a
prosthetic arm. However, to understand the relation of applied stimulation to its underlying
protein machinery (molecular scale) another model organism may be needed. As a second part of
this thesis we introduce a new model organism which shows promise in advancing the study of
tactile sensation at the molecular scale.
1.5 The nematode C.elegans as a model organism
The roundworm C.elegans has emerged a popular model organism used by researchers the world
over to understand various physiological processes in humans. The choice of this organism
provides us with many advantages. As compared to the thousands of cutaneous receptors in
mammals, there are only six nerve cells that govern light touch in C.elegans. The six
mechanoreceptors responsible for light touch in C.elegans are Anterior Lateral Microtubules
(ALMR and ALML), Posterior Lateral Microtubules (PLML and PLMR), the Anterior Ventral
Microtubule (AVM) and the Posterior Ventral Microtubule (PVM). Three of these cells (ALML,
ALMR and AVM) are known to be responsible for sensing touch in the anterior side of the
nematode while two of these (PLML and PLMR) sense posterior touch. They are shown in figure
1.9.
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Figure 1. 9 Mechanoreceptors in the nematode C.elegans
In vivo recordings of the electrical responses of two of these mechanoreceptor neurons (PLMR
and PLML) near the worms tail (O'Hagan et al, 2005), have been found to be reminiscent of the
responses of Pacinian corpuscles in mammals taken about 40 years ago (Mendelson et al, 1964)
(refer to figure 1.10). This may suggest that there may be some aspects of mechanotransduction
that are similar in mammals and nematodes (Goodman, 2004).
Figure 1.10 Comparison of mechanoreceptor potentials in C. elegans touch receptor neurons (A) and mammalian
Pacinian corpuscles (B) (Goodman,2004). (B) taken from M. Mendelson, W. Loewenstein, Science 144, 554 (1964).
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Figure 1.11 (A) and (B) shows the setup used by Goodman et al (1998), O'Hagan et al (2005) for
electrophysiological recording from PLM neurons in C.elegans in vivo (c) shows the mechanoreceptor response
(current and potential) of the PLM cell to a step force input.
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C.elegans is one of the first multi cellular organisms to be genetically sequenced. Because of the
ease with which C.elegans can be genetically manipulated, there is a unique opportunity of
linking specific genes to specific mechanical stimuli and physiological responses thus giving us
insights into the relations between genetics, neurophysiology and mechanical response of these
sensory units. Neurophysiology experiments are also more feasible with the nematode as
compared to primates. Apart from the patch clamp method to measure membrane voltages in the
nematode (Lockery and Goodman, 1998), methods have been developed to quantify neural
activity by monitoring intracellular calcium changes in living nematodes through the use of an
engineered genetically encoded molecule cameleon (Kerr et al., 2000; Miyawaki et al., 1997).
Though this thesis will not deal with the genetics of touch, a brief review of advances in
constructing the mechanotransduction complex in C.elegans will illustrate the power of using
this organism as a model to study tactile sensation enabling us to get insights that would not have
been possible using only primates. Recent studies have identified genes responsible for
mechanosensation in the nematode (Ernstorm and Chalfie, 2002). This was done by studying
mutations that affect the development and function of the six mechanoreceptors in C.elegans.
For example; if there is an observation of a loss in mechanosensory behavior of a mutant
nematode, then mutations producing this phenotype tells us about genes needed for
mechanosensory transduction or genes responsible for the development of mechanosensory cells
or genes that are required for cellular interactions associated with the development of the
mechanoreceptor (Chalfie et al, 1989).
It has been found that the six touch cells in C.elegans are affected by 18 genes. Most of these 18
genes are named "mec" or mechanosensory abnormal genes. The identified genes are mec-1 to
mec-10, mec-12, mec-14, mec-15, mec-17, mec-18, unc-86, egl-5 and lin-32. Out of these,
mutations in 13 of these genes (mec-1 to mec-10, mec-12, mec-14 and unc-86) result in complete
loss of touch sensitivity with few or no other abnormalities (Chalfie et al, 1989). Two other
genes (lin-32 and egl-5) result in loss in touch sensitivity only at the tail. The remaining genes
result in partial loss in sensitivity. Thus it appears that mutations in only 15 of these genes appear
to be required for complete touch insensitivity (Chalfie et al, 1989).
These genes have further been classified into three categories based on whether a mutation
affects the differentiation of the touch cell or its precursor (Chalfie et al, 1989). The first
category consists of genes that affect the precursors of the touch cells, more specifically;
mutations in these genes prevent the production of touch cells by affecting certain precursor cells
required for the production of the touch cells. Two genes fall into this category, namely, lin-32
ad unc-86. It has been observed that lin-32 mutants do not have PLM cells while unc-86 mutants
do not have PLM as well as ALM cells. A single gene namely mec-3 falls in the second category
that consists of genes that affect touch cells without affecting any other cells in the touch cell
lineage. The mec-3 mutants appear normal but the cells that should differentiate into touch cells
differentiate into some other types of neurons showing none of the characteristics of the said
touch cell.
All of the remaining 15 genes fall in a third category consisting of genes that affect only the
function of the touch cells; mutations result in touch insensitive animals with differentiated touch
cells. Mutations in five of these cells (mec-7, mec-12, mec-17, mec-1 and mec-5) result in a
change in the morphology of the touch cells indicating that the morphological change results in
the loss of function (Chalfie et al, 1989). Mutations in the remaining ten genes give non
functioning touch cells without any difference in touch cell morphology. It has been found that
three of these touch function genes (mec-1, mec-5 and mec-9) encode components of the
extracellular matrix around the mechanoreceptor (Ernstorm et al, 2002) for example; the mec-5
gene encodes a collagen that is produced by surrounding hypodermis tissue (Du et al, 1996). The
protein encoded by mec-9 is secreted by the sensory neurons and interacts with mec-5 and mec-4
(Gillespie et al, 2001). Two other functional genes (mec-7 and mec-12) encode a and p tubulins
required for the formation of protofilaments microtubules which are observed within the
structure of the mechanoreceptor (Ernstorm et al, 2002).
Probably the most important component of the mechanotransduction complex is encoded by
mec-4 and mec- 10. It has been observed that most mutations of mec-4 and mec- 10 render the
animal insensitive to light touch (Gillespie et al, 2001). Both these genes encode transmembrane
ion channels proteins called degenerins. Degenerins are members of the DEG/ENaC (epithelial
sodium channel) family of amiloride-sensitive ion channels which are membrane-bound ion-
channel that is permeable to Lit-ions, protons and especially Nat-ions. Based on all these
findings a molecular model for mechanotransduction complex in C.elegans has been proposed
(refer to figure 1.12).
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Figure 1.12 (A) A general mechanosensory transduction model and (B) a proposed mechanotransduction channel
model for the touch receptor in C.elegans (figure from Gillespie et al, 2001)
Section 1.4 covered advances in developing a biomechanical model for the primate finger to
study mechanotransduction. For C.elegans, no such computational model exists. It is essential to
develop a finite element model which can be subjected to the same controlled external loads as in
experiments and then study the internal stress state at various points in the cross section of the
nematode in response to this external loading. For this, information on the geometry as well as
material properties of the nematode need to be ascertained.
1.6 Thesis Outline
The biomechanical models for the primate finger reviewed in chapter 1 assume the finger to be
linearly elastic rather than viscoelastic. Furthermore, transduction models used to predict
mechanoreceptor action potentials do not take into account the viscoelasticity of surrounding
tissue and are more geared to predicting the static (steady state) firing rate rather than the
dynamic behavior observed in experiments. For the nematode C.elegans, no validated
biomechanical or transduction model exists in literature. This thesis aims to address these
shortcomings.
In chapter 2, we outline the development of a 3D viscoelastic finite element model of the primate
finger. First, we discuss biomechanical experiments done to estimate stress relaxation of
anaesthetized primate finger tissue non-invasively and in vivo. We then develop, calibrate and
validate of the 3D finite element model of the primate finger. Using this model, we show that the
viscoelasticity of the surrounding tissue plays a role in the dynamic firing rate of the
mechanoreceptor.
In chapter 3, we outline the development of a transduction model which is able to predict
dynamic mechanoreceptor firing rate. First, we review biological models of the neuron in
literature. A point process model based on the Pareto distribution is developed and used with the
calibrated and validated 3D finite element model to predict the dynamic firing rate due to
indentation with a flat plate.
Chapter 4 and 5 deals with the development of biomechanical models for the nematode
C.elegans. In chapter 4, we discuss AFM experiments done to estimate force curves of the
nematode as well as develop a multilayer finite element model of the nematode. In Chapter 5, we
compare the multilayer model with the "shell model" proposed in literature. First, we show
experiments to estimate the surface deflection profile of the nematode. We then show that a
multilayer mode is able to reproduce the linear force response as well as match the surface
deflection profile observed in literature while the shell model is not. Finally, a transduction
model based on the Hodgkin and Huxley neuron model was developed to predict C.elegans
mechanoreceptor response.
1.7 Contributions of this thesis
We summarize the contributions of this thesis to the field of biomechanics as following:
Primate Biomechanics:
1. A method to estimate viscoelastic properties of tissue in vivo and non invasively. We
developed a method to estimate bulk material properties of the primate finger tissue in
vivo and non-invasively using a combination of biomechanical experiments (single point
indentation) and numerical simulations (finite element modeling).
2. A calibrated and validated 3D viscoelastic finite element model of the primate
finger. We develop, calibrate and validate a 3D multilayer viscoelastic finite element
model of the primate fingertip. Our studies show that a multilayer model with an elastic
epidermis and viscoelastic core was sufficient to predict both surface deflection data and
force data. To our knowledge, no other viscoelastic model of the primate finger tip has
been published in literature.
3. A skin mechanics coupled transduction model that is able to predict dynamic
mechanoreceptor response of primate SA1 mechanoreceptor. Our studies show that
skin viscoelasticity plays a role in regulating the timing (dynamic) of SA 1 afferent
action potentials. Transduction models of the mechanoreceptor in literature (reviewed in
chapter 3) do not take into account the viscoelasticity of the surrounding tissue. Further,
nerve cell models in literature are geared towards predicting the steady state
mechanoreceptor response. We develop a novel point process model based on the Pareto
distribution for SA1 mechanoreceptor transduction that was coupled with the 3D
viscoclastic model and was able to predict SAl dynamic neurophysiological response
due to indentation with a flat plate.
C.elegans Biomechanics:
1. A method to estimate force curves for C.elegans using an atomic force microscope
(AFM). We adapt an atomic force microscope (AFM) for force spectroscopy to estimate
force curves for the nematode C.elegans. The only other method to estimate C.elegans
force curves in literature was done through the development of a piezoresistive force
transducer (Park et al, 2007). The force curves observed by us were also found to be
linear for our indentation ranges, similar to what was observed in literature.
2. A calibrated and validated 3D multilayer finite element model of the nematode. We
propose a multilayer finite element model of C.elegans as an alternate to the shell model
for predicting the biomechanics of the nematode. This is the first finite element based
model for the nematode in literature. We show that the multilayer model, like the shell
model, is also able to reproduce the linear force response observed in experiment.
Experiments were done to quantify the surface deflection profile of the nematode and we
show that the multilayer model was able to predict both the surface deflection profile as
well as the linear force response. The shell model on the other hand did not match the
surface deflection profile but was able to match the shell model.
3. A Hodgkin and Huxley based transduction model to predict C.elegans neural
response. We developed a mechanoreceptor transduction model based on the Hodgkin
and Huxley neuron model to predict neural response in C.elegans.
Chapter 2
Primate Finger Biomechanics
2.1 Introduction
Touch in human and primate skin is perceived through the response of peripheral nerve endings
in the skin that are stimulated by external loading on the skin. A load applied on the surface of
the finger pad is transmitted through the subcutaneous tissue to mechanoreceptor locations
within the skin. The resulting mechanical state (stress/strain) around the mechanoreceptor causes
it to trigger and send a train of neural impulses to the brain, which is perceived as touch. To
develop a quantitative understanding of how spatio-temporal loads imposed on the surface of the
skin are transmitted to mechanoreceptor locations within the skin, it is imperative to fully
understand and characterize the geometry as well as mechanical properties of skin and its
underlying tissues. One of the interesting and as yet unanswered problems in tactile sensation is
to identify what stress/strain state around the mechanoreceptor causes it to trigger. To understand
this, we must try to relate the mechanical state around the mechanoreceptor due to an imposed
load to the advent of neural impulses that result from the stimulation of the mechanoreceptor.
The experimental challenges in obtaining mechanoreceptors response to mechanical stimuli in
humans warrant the use of other model organisms to study tactile sensation. The wealth of tactile
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neural data available in primates (Phillips and Johnson, 1981; Srinivasan and LaMotte, 1991),
along with the similarity of the structure of the primate finger to that of humans, makes it a
popular model to study touch in humans.
There has been considerable progress in the development of accurate elastic biomechanical
models of the primate and human finger pad. Early models idealized the finger pad (Phillips and
Johnson, 1981) as an incompressible, homogenous, isotropic linearly elastic half space. The
"waterbed model" (Srinivasan, 1989) assumed the finger pad to be an elastic membrane under
pressure and was successful in accurately predicting human and monkey fingertip surface
deflection to line loads. However, this model could not explain the transduction of mechanical
signals into neural codes. To answer this, two dimensional (Srinivasan and Dandekar, 1996;
Maeno et al, 1998) and three dimensional finite element models (Dandekar, Raju and Srinivasan,
2003) of the human and monkey fingertip with realistic external geometry and internal layered
structure of the skin and subcutaneous tissues were developed, to gauge the role of skin
biomechanics in tactile response The models developed by Srinivasan and coworkers used a
linear elastic model for the skin tissue where a Poisson's Ratio of 0.48 was used (considering the
tissue to be incompressible). The elastic moduli of the different layers were obtained by
matching numerical experiments with available empirical data. Using these models, the strain
energy density at the mechanoreceptor locations was shown to be the likely strain measure coded
by the mechanoreceptors.
2.2 Viscoelastic Characterization of Primate Skin Tissue
The work cited in the previous section assumed the mechanical behavior of human and primate
skin tissue to be linearly elastic. However, skin is well known to be viscoelastic and anisotropic
in nature. We are interested in determining the mechanical state at mechanoreceptor locations at
the advent of mechanoreceptor stimulation taking into account the viscoelastic nature of skin
tissue. The advent of mechanoreceptor stimulation occurs at small strains (Srinivasan & Lamotte,
1991) and thus there is a need to accurately characterize viscoelastic behavior of skin tissue at
these small deformation ranges. There has been progress in the development of viscoelastic
models of the human fingertip to study its response to a variety of dynamic mechanical stimuli
(Serina et al 1997, Maeno and Kobayashi, 1998, Pawluk and Howe, 1999, Wu et al, 2003).
However, to our knowledge there is not much literature on empirically validated viscoelastic
models of the monkey fingertip.
Due to the difficulty in isolation of biological tissue specimens along with the challenges in
preserving mechanical integrity of tissues in vitro, it becomes necessary to characterize material
properties using in vivo methods. In this paper, we present a method to estimate mechanistic
viscoelastic parameters of primate skin tissue in vivo for small strains by studying the stress
relaxation behavior of the finger pad of a primate using a combination of single point indentation
experiments and numerical simulation. We characterize the viscoelastic behavior of fingerpad
tissue in response to precise micro step indentation using a calibrated system with position
resolution 1 pm and force resolution 0.3mN, and study the variation of this behavior across
different fingers of a primate. To avoid noise in the data due to motion artifacts during the
experiments, we studied the viscoelastic response of the fingerpad of different fingers of an
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anaesthetized primate. To check the variability of our observed data, we model the empirical
force-time response using a Maxwell-Weichert element and compare the fitted model
parameters. In order to determine more mechanistic viscoelastic parameters, we develop two 3D
multilayer finite element models of the primate fingertip; (a) a homogeneous viscoelastic model
where all the tissues are modeled with a two term Prony series and (b) a multilayer model where
the epidermis is modeled using an incompressible (Poisson's ratio=0.48) linearly elastic material
and the dermis and inner tissues is modeled with a two term Prony series. We build these
models with realistic geometry from previously published data in literature (Dandekar et al,
2003) and use them to simulate two sets of indentation experiments (a) indentation with a
cylindrical indenter and (b) Indentation with a line load. Both the models are calibrated by
matching the force-time response curves of our simulation with our experimental data (step
indentation with a cylindrical indenter). In order to validate the models, surface deflection
profiles of the model to line loads are matched with data available in literature (Srinivasan,
1989). Using these methods we calibrate and compare a homogeneous viscoelastic model and a
multilayer elastic viscoelastic model described in section 4. Finally, we indent the calibrated and
validated model with a flat plate and compare the strain energy density vs. time with available
neurophysiological data in literature. Results presented in section 4.1 reveal that the rate of
adaptation of SA mechanoreceptors may be directly linked to the viscoelastic relaxation of the
surrounding skin tissue.
2.3 Methods: Experimental Setup
The indentation apparatus consisted of an Aurora Scientific 300B Dual-Mode Lever Arm
System, a custom designed 3 cm lever arm with a 0.5 mm diameter flat-tipped cylindrical
indenter, a Pentium 4 computer (Windows XP) equipped with a digital acquisition card (National
Instruments PCI-6120) and MATLAB (Pelli, 1997; Meghani, 2004). A custom program was
written in MATLAB to control the position of the indenter (motor) while measuring and
recording the actual position and the force response at the indenter tip.
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Figure 2.1 Block diagram of the Indentation apparatus used for characterizing the viscoelastic properties of the
primate fingerpad. The inset image shows the delrin probe tip used for the indentation experiments. The diameter of
the flat end of the cylindrical indenter is 0.5mm. A typical input displacement stimulus and observed force output
(shown qualitatively, not to scale). It is to be noted that the indenter was not glued to the primate finger during
experiments; however on retraction of the tip from the skin some adhesion was observed.
This was done by commanding the desired position set point voltage to the Aurora controller as a
function of time, while monitoring the controller's position and force outputs. The position
output is based on the signal from a position sensor attached to the motor shaft and the force
output is derived from the motor current via an analog circuit which compensates for system
dynamics. The apparatus has a maximum indenter displacement of 10 mm, with a position
resolution of 1 pm, and is capable of measuring and delivering a maximum force of 0.5 N with a
force resolution of 0.3 mN. Note that the force offset was set to maximum so that the force
output was not limited by the controller. A schematic of the experimental setup is shown in
Figure 1.
2.4 Indenter Calibration
Tests were performed to measure position and force calibration constants for the indenter
apparatus. In the position calibration test, we attached a micrometer positioning stage (Edmund
Industrial Optics, NT53-856) to the apparatus (Figure 2a) and observed the position input
voltages required to move the indenter to known distances. Specifically, a MATLAB program
was written in which the surface of an object placed on the stage (a PDMS block, not shown in
the figure) was detected by moving the indenter toward the object until the force output reached
a particular threshold value (0.3V). This threshold value was the same for all calibration
experiments. The PDMS block was moved from 0 to 800 pm in fixed increments (200 pm) and
the voltage required to detect the position of the PDMS block was measured and plotted (Figure
2b).
Position Calibration for Indenter
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Figure 2.2 Position Calibration of the indenter (A) shows the setup used to determine the position calibration
constant (B) shows calibration plot of the measured voltage vs. the displacement of the indenter stage.
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Figure 2.3 Force Calibration of the indenter (A) shows the schematic of the inverted indenter tip used to derive the
force calibration constant and (B) shows calibration plot of the measured voltage vs. applied weight on the indenter.
B
0.9-
08 -
07.
~06.
4 -
0.5-
0.4
.2 04-S0 3-
0.2-
0.1 -
00.
.
To determine the force calibration constant (Force-Voltage relationship), the indenter was
inverted (Figure 3a), and the force output voltage was measured for different weights attached to
the indenter tip. A torque balance about the pivot 0 of the indenter (refer to Figure 3 a) gives us
W sin#+mg-sin# = T
2
where, W is the applied weight, 1 is the length of the indenter mg the weight of the indenter and
T the torque at the motor. During calibration and in all the experiments, the angle #bwas 90±10'
(±10' uncertainty in # corresponds to an uncertainty of ±1.5% in our force measurements), so the
above equation can be rewritten as
mg TW+ --= - =(V + Vo)k
2 1
where, V is the measured voltage, Vo is the measured voltage when no load is applied (W=0) at
the indenter, and k is the calibration constant for 0- 90'. The calibration plots are given in Figure
2b and 3b. The force and displacement calibration constants were determined to be 0.015 V/mN
and 2.042 V/mm.
2.5 Indentation Experiments and Results
Indentation experiments were performed on each of the five fingers of a primate (rhesus
macaque monkey). The indentation experiment consisted of five independent repeated trials at
four different indentation depths for each finger (20 trials per finger). All animal procedures
were performed in accord with National Institute of Health guidelines and the Massachusetts
Institute of Technology Committee on Animal Care. Even though the primate was anaesthetized,
motion artifacts were observed in the data if the primate's arm was not secured in a suitable
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posture during the experiments. In particular, during the first set of trials in the test (with the
index finger), there were several motion artifacts in the data due to movement of the primates
arm. As a result these data were discarded and only 10 trials with the index finger could be
successfully recorded. In the case of the other four fingers, the first trial was discarded due to
setup issues associated with making sure the primate's arm was suitably placed and each finger
had 19 independent trials. During each trial, the force response of the finger was measured and
tabulated.
Static indentations were performed at depths of 200pm, 400pm, 600pm and 800pm. The first
step in each trial was for the flat ended cylindrical indenter (0.5mm diameter) to detect the skin
surface. To do this, the program lowered the indenter at a velocity of 1mm/s toward the skin until
a 10 mN force threshold (0.1 V) was detected indicating contact with the skin. From this starting
position, we began indentation which consisted of a 2-second hold to ensure equilibrium
followed by a step input which was comprised of a steep indentation ramp (5mm/s) into the skin
followed by a hold (7 seconds) and then a retraction ramp until the indenter left contact with the
finger. The data acquisition rate of the indenter was 8000 samples per second. Between two
successive indentations, there was a 2-3 minute delay to allow the finger pad tissue to relax from
viscoelastic effects. No two indentations were performed at the same location but all the
indentations were within a central region of the given finger pad.
Figures 4 B-F shows the force response of the different fingers to step indentations of different
depths. Figure 4A, shows the repeatability of observations of one such set of experiments,
namely 0.80 mm static indentation on the little finger of the primate.
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Figure 2.4 Force response of the primate finger to static step indentation (A) shows 5 independent trials of the force
response of the small finger to a static indentation of 0.8 mm superimposed to show repeatability (B) force response
of the thumb of an anaesthetized primate to step inputs of 0.2 mm, 0.4 mm. 0.6 mm and 0.8 mm
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Figure 2.5 Force response of the primate finger to static step indentation (A) and (B) shows the force response of
the index and middle finger of an anaesthetized primate to step inputs of 0.2 mm, 0.4 mm. 0.6 mm and 0.8 mm
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Figure 2.6 Force response of the primate finger to static step indentation (A) and (B) shows the force response of
the ring and small finger of an anaesthetized primate to step inputs of 0.2 mm, 0.4 mm. 0.6 mm and 0.8 mm
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2.6 Modeling of viscoelastic response
We model the viscoelastic behavior of the finger pad using a variation of the Maxwell-Weichert
element. The element consists of three elastic springs and two purely viscous dampers as shown
in Figure 5a. In our experiments, we impart an input displacement (step input) to the primate
fingerpad and observe the force response. To derive the response of the element to the same
stimuli, consider the model depicted in Figure 5a. We need to derive the expression for the force
response, F(t), of the element when a step input, X(t) = Xo * H(t), where H(t) is the heaviside
function (H(t) = 1 for t >0 and 0 for t<=O), is imparted to the system. The total force, F(t) for a
given step input, is the sum of the force contributions of the three arms of the element.
F(t) = F1 (t) + F2 (t) + F3(t)
Arm 1 of the modified Maxwell-Weichert element is an elastic spring with constant E0, arms 2
and 3 are Maxwell elements with spring constants Ei and E2 and damper constants 111 and 72.
We formulate the differential equations and on solving we get.
Elt, E2tg
F(t)= E0 X0 + E1X 0e +E 2X 0e t
which can be rewritten as,
t tt A
F(t)=Ao +Ale t,+A 2 e 2 A(+ -e t + 2 e t2)
Where, t1 and t2 are time constants. It is to be noted that the parameter A0 also corresponds to the
quasi static force response or the force response when all viscous effects die down. This
parameter can be used to estimate the effective stiffness of the finger. Figure 5B shows one such
fit of this model with experimental data. The red/bold curve shows the predicted force response
of the ring finger when indented with a step indentation of 600 m.
2.7 Data Variability: Model Fit Parameters for different fingers
In order to estimate the variation in our experimental results, each set of experimental data was
curve fit with the Maxwell-Weichert model and parameters were extracted and tabulated. It can
be seen in fig 6a that there is not much variation of the two decay constants ti and t2 across the
fingers compared to what is typically observed in in vivo biomechanical data. The mean decay
constant ti was found to be 2.279 ± 0.233 s and t2 = 0.149 ± 0.022 s. As shown in Figure 6b,
there is not much variation of the two dimensionless constants (A1/Ao and A2/Ao) across all the
fingers. These parameters were determined to be A1/Ao = 0.371 ± 0.082 and A2/Ao = 0.294 ±
0.059 for all fingers across all indentations depths. We also determined the quasi static force
parameter Ao for different indentation depths. AO was found to vary linearly with depth (Figure
6c) with mean stiffness of 0.120 mN/gm.
X (t)
F (t) I
Decay for 0.6mm Indentation Third finger (invivo)
280 -
260 -
240 -
220-
200 -
180-
160-
140-
Experimen
- Maxwell-V
Model Fit: A, +A *e*'4 + AA2*e
i I I i - I
0 1 2 3 4
tal Data: logfile064 Time(s)
eichert Model
5 6 7
Figure 2.7 Model fit (A) shows a variation of the Maxwell-Weichert model comprising of three elastic springs and
two purely viscous dampers. (B) shows the force response of the ring finger of the primate in response to a step
input (displacement) of depth 0.6 mm and the modified Maxwell-Weichert model fit.
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Figure 2.8 Model fits (A) shows the two exponential decay parameters for all 5 fingers and (B) shows the
dimensionless coefficients, It is to be noted that each point represents a mean of n=19 readings taken across all 4
indentation depths (except for the index finger which includes only 10 successful parameters; see sec 2.3). The
finger digits are defined as follows (1) Index Finger (2) Middle Finger (3) Ring Finger (4) Small Finger (5) Thumb.
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Figure 2.9 The model fit (C) shows the mean quasi static force parameter Ao against indentation depth for all
fingers. The error bars in all the plots correspond to ± one standard deviation.
2.8 3D Finite Element Models: Calibration and Validation
Dandekar et al (2003) developed a 3D model of the distal phalanx of the primate with realistic
geometry using a video-microscopy setup and image reconstruction algorithms. A sequence of
2D boundary images of primate fingertip replicas was extracted at different angles and a 3D
model was reconstructed from the 2D cross-sections layer by layer using this data. Each cross
section consisted of five layers where the innermost layer was the bone. The skin was modeled
with two layers corresponding to the dermis and epidermis and its dimensions were chosen from
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available data on the gross thickness of the skin. The dimensions of the bone were extracted from
published X-ray images. Two more layers were constructed between the bone and the skin to
model the adipose tissue and fibrous matrix. Using these models it was found that a 3-layer
model was adequate to predict surface deflection profiles to line loads (Srinivasan, 1989). The
ratio of the elastic modulus of the 5 layers in the model was 104:103:103:103:108' the last layer
being the bone.
Using this available geometric data, we rebuild the multilayer model of the primate fingertip in
ADINA (fig 7). The model was meshed using 10,820 8-node solid brick elements and consisted
of 283,441 nodes. A cross section of the model, showing the 4 tissue layers is shown in figure 7a
(the innermost layer not shown in figure 7a is the bone and is modeled as rigid). We use this
model to simulate two sets of independent indentation experiments; indentation with a
cylindrical indenter (section 2.3 of this paper) and indentation with a line load (Srinivasan,
1989). To simulate the indentation with a line load, a flat rigid indenter of width .02mm and
length 5mm was modeled in ADINA ver. 8.7.2 (fig 8A). To check our FE model development,
we repeat the simulations performed in Dandekar et al (2003) assuming the tissue to be linearly
elastic with Poisson's ratio 0.49 for a line load and match our results with that in the paper. As
was reported by Dandekar and coworkers a tissue elasticity ratio of 104:103:103:103 best matched
the surface deflection data reported in literature.
Figure 2.10 (A) Cross section of the multilayer viscoelastic model built in ADINA showing the 4 layers of tissue
(the innermost layer, the bone, is not shown) (B) the full 3D model which was used for simulating the indentation
experiments.
The mechanical behavior of skin tissue is considered to be non linear and viscoelastic (Wan,
1994). The purpose of the present study is to develop realistic finger models for the primate
capable of predicting mechanoreceptor response. However, as the advent of mechanoreceptor
response in primates occurs at small strains (LaMotte and Srinivasan, 1990), we concentrate on
developing a viscoelastic model in these deformation ranges. Our experiments (section 2.3) show
that for our applied indentation depths, the response of primate skin tissue can be assumed
linearly viscoelastic. To model the viscoelastic tissue, the total stress is defined as follows.
(t) = CO (t) + Jg()o (t - r)dr
0
where t is the time and g(t) the stress relaxation function.
The stress relaxation function is defined using a Prony series (Tschloegl, 1989).
N
g(t)=1- gi(1 - e-tl)-
i 1
Where gi and Ti are stress relaxation parameters and N is the number of terms used in the Prony
series to define the relaxation function.
To calibrate the model, we simulate our indentation experiments with a cylindrical indenter
(section 2.3) in ADINA (ver. 8.7.2). The multilayer model of the primate fingertip, shown in
figure 9, is indented with a circular indenter of diameter 0.5mm. The model was meshed using
8,912 20-node solid brick elements and consisted of 315,101 nodes. The mesh was refined near
the indenter as shown in fig 9a due to the smaller indenter size. For the boundary conditions, the
indenter and bone was modeled as rigid and the nail of the finger was kept fixed as in our
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experiments. Similar to our experiment, the indentation consists of a ramp (5 mm/s) up to 0.2
mm followed by a hold of 3 seconds after which the indenter was retracted completely. We
compute the net contact force on the cylindrical indenter vs. time for each simulation. We
calibrate 2 different models with our experimental data: (a) all the layers being linearly
viscoelastic (we use a two term Prony series) and (b) the outer most layer being linearly elastic
(with Poisson's ratio 0.48) and rest viscoelastic (two term Prony series). The simulation
parameters were optimized to fit the experimental data. Curve fit parameters are given in Table 1
and the results are shown in figure 10a. It was found that both the homogeneous viscoelastic
model as well as the elastic-viscoelastic model was able to fit with the experimental data well.
To validate these models, we simulate the line load experiment performed by Srinivasan (1989).
A flat rigid indenter of width .02mm and length 5mm along with the finger was modeled in
ADINA. A schematic of the model is shown in figure 8. The boundary conditions are the same
as for the cylindrical indenter. The model was meshed using 10,820 20-node solid brick elements
and consisted of 287,127 total nodes. Both the calibrated models were subjected to the line load
simulation to a depth of 0.5 mm. The indentation consisted of a ramp (at 0.5mm/s) to 0.5mm
followed by a hold of 3 seconds. The surface deflection along the main axis of the distal phalanx
was computed after 3 seconds. We compare the surface deflection of the two calibrated models
with that of experimental results of Srinivasan (1989). It was found that though the calibrated
homogeneous model was able to capture the temporal response of the step indentation
experiment, it was not able to capture the spatial surface deflection profile of indentation with a
line load. The multilayer model on the other hand was found to be able to capture both the line
load surface deflection as well as the temporal response to step indentation with a cylinder.
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Figure 2.11 Line load indentation (A) shows the model simulating the line load indentation experiment (B) shows
the deformed mesh of the primate finger indented to 0.5 mm. after 3 seconds.
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Figure 2.12 (A) shows the model simulating a step indentation to a cylindrical tipped indenter similar to
experiments performed in section 2.3 (B) shows the deformed mesh of the primate finger indented to 0.2 mm. after 1
second.
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Figure 2.13 (A) shows the calibration curve used to estimate the viscoelastic properties of the primate finger model.
Both the multilayer model as well as the homogeneous viscoelastic model could fit the force response data. (B)
shows the surface deflection profiles of the calibrated multilayer model and homogeneous viscoelastic model
showing that only the multilayer model is able to predict the surface deflection due to a line load as observed in
experiment (Srinivasan, 1989).
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Chapter 3:
Mechanoreceptor Neurophysiology
Models
3.1 Introduction
There is a wealth of neurophysiological data available in literature characterizing
mechanoreceptor response to mechanical stimulation on the finger pad. Knibest61 (1973, 1975)
classified the behavior of mechanoreceptor afferent fibers in humans by recording its
neurophysiological response to ramp and hold stimulus (force or displacement controlled vertical
indentation on the finger pads with blunt probes). The fibers were classified as slowly adapting
(SA), rapidly adapting (RA) and Pacinian receptors (PC) based on their response to this ramp
and hold stimulus. Receptors that responded only to the ramp part of the stimulus were classified
as RA and PC while the receptors that responded both to the ramp and the hold were classified as
SA. The SA fibers showed sustained firing with variable firing frequency during the hold part of
the stimulus, this behavior was not observed in RA and PC fibers.
These studies, however, did not take into account the shape of the indenter and thus could not
say anything about the mechanoreceptors ability to discriminate shape. Due to the difficulty in
obtaining neurophysiological data in humans, it is advantageous to use model organisms where
biomechanical and neurophysiological experiments are more feasible. Primates due to its
anatomical similarity are a popular model organism to study processes in humans.
Phillips and Johnson (1981) used stimuli consisting of gratings, bars and edges to show that SAs
in primates are particularly sensitive to edges. The study of the response of RAs and SAs to
sinusoidal shaped indenters as well as to cylinders of different radii showed that the surface
curvature as a function of distance along the surface is a relevant parameter in discriminating
shape during tactile sensing (Srinivasan and LaMotte, 1991). It was seen that the depth of
indentation and change in curvature of skin surface, due to an applied indentation, is represented
in SA responses while rate of change of curvature of the skin surface are represented in both RAs
and SAs.
2D and 3D numeric models of the primate fingertip have been used to predict SA
mechanoreceptor response (Srinivasan and Dandekar, 1996, Dandekar et al, 2003). These studies
showed that the strain energy density at a mechanoreceptor location matched well with the static
firing rate of SA fibers (Phillips and Johnson, 1981a). However, these studies only look at the
static firing rate of the SA fiber. To show the utility of our model, we use the calibrated
multilayered viscoelastic model to check the relation between the strain energy density at the
mechanoreceptor location to the dynamic firing rate of the SA fiber. Figure 3.1 shows the
response of SA fibers to indentation with a flat plate. The flat plate is indented to a depth of
0.5mm at a rate of mm/sec and held for 2.3 seconds. The neurophysiological response of an SA
fiber to this flat plate indentation is shown in figure 3.1A. The figure shows the response of 5
independent trials where each vertical tick represents an action potential. This data is reproduced
from Srinivasan and LaMotte (1991).
3.2 Flat Plate indentation and comparison to Neurophysiology Data
We simulate this indentation experiment using our calibrated model and compute the strain
energy density at a mechanoreceptor location at each time step. The calibrated model is the same
as described in the previous chapter for the cylindrical indentation simulation. It was meshed
using 8,912 20-node solid brick elements with 315,101 nodes and the same boundary conditions
were used as in the previous simulation. A rigid flat plate is then indented to a depth of 0.5mm
at a rate of mm/sec and held for 2 seconds as was done in experiment. The strain energy density
at a mechanoreceptor location (a node just below the dermis-epidermis interface was selected as
a prospective Merkel disk location) is then computed at each time step. It was found that the
decay in the strain energy density matched well with the decay in the average SA spike rate
suggesting that the dynamic spike rate may be related to the local strain energy density at the
mechanoreceptor location at each time step. This is an interesting observation. We know that
tactile information is conveyed from the mechanoreceptor to the brain through the precise pattern
of the action potentials spike train. Tactile information is coded in the timing of each individual
spike. Our observation suggests that the viscoelasticity of the surrounding tissue plays a strong
role in the generation of the timing of the action potentials.
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Figure 3.1 Flat plate indentation spike data. A flat plate was indented on the primate fingerpad to a depth of 0.5mm
at a rate of mm/sec and held for 2 seconds and the neurophysiological response was recorded. (A) The plot shows
data from 5 independent trials. Each action potential is represented by a vertical line (B) shows the peristimulus time
histogram (PSTH) of the data. Data is reproduced from Srinivasan & LaMotte (1991).
3.3 Biological Models of the Neuron
One of the earliest models proposed to describe the behavior of the neuron was the "integrate and
fire" model by Lapicque in 1907. The nerve cell was modeled as a simple electric circuit
consisting of a capacitor and resistor in parallel shown in figure 3.3A. To model the spikes an
additional condition was imposed on this model; when the membrane capacitor was charged to
certain threshold potential Vtl,, an action potential (or a neural spike) was generated and the
capacitor was then discharged, resetting its membrane potential to the resting potential, Vrest. The
input to the model is a membrane current, I(t) and the model predicts the membrane voltage,
Vm(t) as a function of time. The response of the model is given as follows:
C.d V, (V - V t
dt R
The response of this model to a step input current I(t) is given as input shown in figure 3.3B.
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Figure 3.2 (A) shows the comparison of the strain energy density at a mechanoreceptor location with the average
spike frequency (taken with 70 bins) vs. time. (B) shows the calibrated and validated multilayered model indented
with a flat plate. The figure shows the effective stress at t = I second
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Figure 3.3 Leaky integrate and fire model. (A) shows the circuit diagram of the leaky integrate and fire model. (B)
shows the step input current given to the model (C) shows the response of the model to the step input. (from
Lapicque, 1907)
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Figure 3.4 A schematic showing the circuit diagram of the Hodgkin-Huxley model. (from Hodgkin and Huxley,
1952)
Alan Hodgkin and Andrew Huxley developed a more accurate model that took into account the
dynamics of the voltage dependent membrane conductances responsible for action potential
generation based on their seminal work with the giant squid axon in 1952. They showed that the
current flowing across the squid membrane had two major ionic components, current carried by
sodium ions, INa, and current carried by potassium ions, 'K along with a small leak current IL. The
Hodgkin-Huxley model can be represented by the equivalent electric shown in figure 3.4. The
ionic currents are governed by the membrane potential Vm, the equilibrium ionic potential E
(potential at which the net ionic current flowing across the membrane is 0) and the ionic
conductance G. The behavior of the model can be described by the following differential
equation.
dV
C. "'+GN (V ENa)+GK(V, mEK)+GL(Vj- EL)=I(t)
dt
GNa and GK were postulated to change dynamically with the membrane voltage. The Hodgkin
and Huxley model is one of the most important and influential models in neuroscience. Though
these models are able to reproduce the behavior of the neuron accurately and give a mechanistic
feel of the underlying processes during stimulation of a nerve cell, their inherent complexity
makes it difficult to implement on a large scale and are these models computationally very
intensive (Jolivet et al, 2004). In contrast, due to the simplicity of the model developed by
Lapicque, modified versions of the "leaky integrate and fire" model are easier to implement and
are in use today.
There has been some work on the development of models to predict mechanoreceptor neural
response. Freeman and Johnson (1982) studied the vibratory response of SA, RA and PC
receptors to sinusoidal stimuli and modeled the response using a 4 degree of freedom receptor
model shown in figure 3.5. The response function of the model is as follows:
dE
dt
The model assumed a variable conductance function Gr(t) whose waveform was assumed to
fluctuate periodically and in sync with the input stimulus. More recently, Kim and coworkers
(2010) implemented a variation of the integrate and fire (IF) model to predict the timing of
individual spikes evoked by arbitrary mechanical vibrations.
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Figure 3.5 (A) shows the circuit diagram of the Freeman model (B) shows the input stimulus, assumed conductance
function and the output response of the model. (From Freeman and Johnson, 1982)
The model is driven by four inputs: position, velocity, acceleration and jerk of a punctate probe.
For each mechanoreceptor, a different combination of these stimuli was used as input. For the
SA afferents, position and velocity was used as inputs, for the RA afferent, velocity was used
and for the PC afferents position, velocity and acceleration was found to be the best fit to model
the response. The weighted combination of these inputs were summed and treated as an input
current that was be fed into the integrate and fire model to drive the membrane potential in the
nerve cell.
The integrate and fire model developed by Kim et al (2010) is very similar to what has been
described earlier in this section with the exception of two additions; (1) To model the short
refractory period after a spike, an additional "post spike inhibitory" current is injected into the
neuron. This current at any given time is a sum of all the post spike currents due to previous
spikes and (2) To mimic the stochastic nature of a neuron, a white noise is added as a current
with specified variability. The resulting model is defined by the following equation:
dV= - ( ,+I , t) + I,t Q) dt + W
Where Tm is the time constant of the leak current, Iin is the summed input current, Ips is post
synaptic current and W1 is the white noise. One downside of such models is its complexity. The
free parameters in this model are the membrane time constant, rm, the resting potential, Vr, the
standard deviation of the noise. To define the post synaptic inhibitory current, Ips, shape filters
need to be defined to sum the previous spike currents. For this model, 6 such parameters were
defined. After this, filters need to be defined to combine the input variables (position, velocity,
acceleration and jerk) to form a current that can be fed into the IF model. For the SAl afferents,
60 variables were defined specifying the shape of each filter, for the PC afferents 120 such
variables were defined. In total, the number of free parameters for the SA 1 and RA models was a
minimum of 129 to a maximum of 489. For the PC afferents, the number of free parameters was
249 minimum and 969 maximum. These very complex models were developed for a single
neuron and are thus are not feasible to model the response of a population of mechanoreceptors.
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Apart from the complexity, both these models were more geared towards the study of
mechanoreceptors sensitive to vibratory stimuli (more relevant to PC and RA afferents) rather
than ramp and hold stimulus characteristic of SAl afferents. The models also do not take into
account the biomechanics of skin tissue surrounding the mechanoreceptor. The applied stimulus
(vibratory) was directly related the membrane voltage through a neuron model; which was a
variation of the leaky integrate and fire model.
Lesnaik and Gerling (2009) developed a skin-neuron model to predict SAl mechanoreceptor
response by coupling a leaky integrate and fire model for neural dynamics with an elastic 2D
finite element model of the skin. The 2D finite element model of the finger was used to estimate
the strain energy density in the vicinity of the merkel receptors due to an applied indentation. A
transduction model (a sigmoid function) was used to transform the strain energy density at the
merkel receptor to a current entering the SAl afferent. Finally, a leaky integrate and fire model is
employed to predict the receptor current into membrane voltage due to sustained indentation.
The model was used to predict in vivo static firing rates in response to indentation with gratings
of different sizes.
3.4 Neural Spike trains as Point Processes
When stimulated, individual mechanoreceptors produce a precise pattern of action potentials that
are sent to the brain. Each action potential has the same waveform. Rather than in the waveform
of these action potentials itself, tactile information is encoded in the timing of these action
potentials. Slowly adapting receptors, for example, show sustained dynamic firing over ramp and
hold stimuli, whose firing frequency changes over time. The firing rate dynamically changes just
after the ramp before settling on a steady state firing frequency. All of the above mentioned
models were developed to predict the steady state firing rate of mechanoreceptors and are not
able to able to capture the dynamic firing behavior just after the ramp phase.
Though the integrate and fire based models are more mechanistic and give us a feel of the
underlying processed (such as ionic currents) in the nerve afferent, the models are also very
complex and are not tractable to model a population of mechanoreceptors. These models are
focuses over predicting the shape of an action potential or the dynamics of the membrane voltage
over an action potential, which though very important does not encode tactile information. We
are more concerned with the timing of each action potential rather than the dynamics of one.
Moreover, these models are deterministic in nature (some models add an extra Gaussian noise
current to impart stochasticity), whereas we know that actual neurons are not. We observe that
repeated trails of the same controlled experiment do not produce the exact same spike train
(figure 3.1A). There is a need to develop alternate models that are able to address these issues.
A point process is a stochastic process composed of a sequence of binary events that occur over
continuous time. Nerve cell action potentials are discrete all or nothing stochastic events. As an
alternative to explicit biophysical models which are quite complex in its implementation, point
processes which can be thought of as a mathematical abstraction of nerve cell behavior can prove
quite useful. These processes also show promise in modeling the activity of several neurons
simultaneously such as for analyzing data obtained from multiple electrodes in a given brain
region or across different regions. These studies can give us insight into how multiple neurons
act together to define the function of a given brain region. In addition to this, they are useful in
capturing the behavior of within trial and between trail neural spike dynamics (Brown et al,
2004).
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Figure 3.6 A simulated spike train from a simple Poisson process with only one parameter (rate, k~) generated in
MATLAB. In this illustration, the rate (k) here is set to 30.
3.5 Poisson model and the Pareto Model
We illustrate the implementation of a simple point process model in MATLAB to show the
simplicity of such models. We define a Poisson point process with rate (k). For a Poisson
process, the probability of k events occurring in a time interval [t, t+s] is given by the following
expression:
P(k spikes in [t, t+s]) [A(s -01, e-(-
k!
The interspike interval for a Poisson process is exponential with probability density, p(t)=Xe -t.
Using this information, we construct a spike train in MATLAB (see appendix) with rate 30 and
show 5 independent trails of 6 seconds each. The simulated spike train is shown in figure 3.6.
There are a lot of probability models that can be used to generate such spike trains. A summary
of a few simulated spike models generated with different probability densities are shown in
figure 3.7. The figure is adapted from Kostal et al. (2007).
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Figure 3.7 Simulated spike trains generated from different probability distributions. Spike trains are shown from the
(A) Poisson distribution (B) the Pareto Distribution, (C) the Gamma distribution and the (D) Inverse Gaussian
distribution. The image is adapted from Kostal et al, 2007
20-
3
0i
tA.
CUR VATURE(Yh
- 0
I I
e2 I 2 4
TIME(sec)
ill L I 
itll 1111 11 1 I Il I
411alilII 1 I -1 1111 iiL - I I I li I )I I I
1 111 11 1 I I I I I
l hi lI |I i l 1 1 1 i I
11ll1l1l illll1 I l 11 1 I 11111 I til I I
27 hiIl ilii l ii i i 111 I i 1 1 I I 
iif fli I I I I til 111 1111 11  ii I 1
11|| 1111111111 1111  11111111 il l i ii I
lUHilili 11111 1111111 il l I11111 11 1 1111 it
* 1 I1 ;ii9i11111 i til111111|111||lI tli ll i i i i iii n
[1111 11111|lIiUi I 1 i ll 11 1 11 Il I 11 il I I
1 13111111 111[1 111 I L 11 I 11111 11 I1l 111111111 I
3 ht111111111 11111 ill] l i l 1i 111111 11111 m t i ill ill il i 1
.IBit ti til1J.IIII1 l 1111111  filli11111 11i I 111111
DISCHARGE RATE
(fps)
2.0
4.3
8-3
11.3
170
23.7
25.3
Figure 3.8 Responses of the slowly adapting (SA) mechanoreceptor afferents to indentation (force controlled) by a
flat plate and cylinders of different radii. Shaped indenters are pressed onto the fingerpad of a primate and held with
constant force of 20 gm-wt for a period of 2 seconds. Data is shown for four independent trials with each indenter.
The image is from Srinivasan and Lamotte (1991).
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Figure 3.9 Responses of the slowly adapting (SA) mechanoreceptor afferents to indentation (displacement
controlled) by a flat plate. A flat plate is pressed onto the fingerpad of a primate and held with constant displacement
of 9 mm and held for a period of 2 seconds. Data is shown for twelve independent. The image is from experiments
done by Srinivasan and LaMotte (1991).
Such point process models have been used to successfully model spike trains in literature.
Iyengar and Liao (1997) used the inverse Gaussian distribution based model to simulate the
spontaneous spiking activity of cultured goldfish retinal neurons under constant light and
environment conditions. For our application, the mechanoreceptor spike train is stimulus
dependent. Figure 3.8 and 3.9 show the response of slowly adapting (SA) mechanoreceptors to
ramp and hold indentation by a flat plate and by cylindrical indenters of different diameters. If
we are to adapt point process models to simulate mechanoreceptor response, we must include
input with regards to the applied stimulus to the developed model. From our simulation results
shown in Figure 3.2A, we observe that the fall in strain energy density seemed to correspond
with the fall in the average neural spike rate observed in experiment. The strain energy density
has also been used in literature to predict the static discharge rate due to indentation with shaped
indenters (Dandekar et al, 2003). We thus will use the strain energy density as the stimuli
specific input into our point process model.
From the distributions shown in figure 3.7, we find the Pareto distribution best suited our
application. The Pareto model, which is a power law distribution, has two parameters, a shape
parameter, a, and a threshold parameter, u. The probability density function of a Pareto
distribution with threshold parameter u and shape parameter a is given by the following
expression
U a
a , Ix>u
0 x<u
A random sample can be generated from a Pareto distribution using inverse transform sampling,
similar to what we have done for the Poisson model. If U is a uniform random number in the
interval (0, 1) then X = is Pareto distributed. Using this we can generate random samples
UaY
from a Pareto distribution in MATLAB (see appendix). Figure 3.10 shows a spike train
generated from the Pareto model with shape parameter 2 and threshold parameter 0.1. We show
six independent trials.
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Figure 3.10 A simulated spike train from a Pareto distribution with only two parameters (shape, a and threshold, u)
generated in MATLAB. In this illustration, the u = 0. 1 and a =2.
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Figure 3.11 Effect of changing the threshold parameter, a, in a Pareto based spike train. For all the simulations, the
shape parameter, alpha is taken as 5 while the threshold parameter, a, is 0.1, 0.5 and 1 respectively.
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Figure 3.12 Effect of changing the shape parameter, alpha, in a Pareto based spike train. For all the simulations, the
threshold parameter, a, is taken as 0.1 while the shape parameter, alpha, is 1, 5 and 25 respectively.
3.6 Modified Pareto Model
The response of the Pareto based spike train is different from a Poisson process where there is
more "bunching up" of spikes separated by longer interspike intervals and we find the Pareto
based spike train better suited for our application. Figure 3.11 and 3.12 shows the effect of
changing the shape and the threshold parameters on the behavior of the generated spike train.
The simulated responses showed in these figures are not stimuli specific, i.e there is no model
parameter that takes into account the input mechanical stimulus. The response is analogous to the
response of a nerve cell firing under constant conditions. Our earlier simulation, where we
indented the calibrated and validated viscoelastic model with a flat plate, (figure 3.2A) showed
us that the strain energy density at a mechanoreceptor location is proportional to the fall in
average dynamic firing rate of SAl mechanoreceptors with time. The local viscoelasticity of the
surrounding tissue seems to regulate the dynamic firing rate of the SA1 mechanoreceptor. We
use this information to develop a stimuli specific transduction model that is able to predict the
response to indentation with a flat plate as observed in experiment.
To do this, we need to incorporate the values of the strain energy density at the mechanoreceptor
location vs. time, obtained from our finite element simulation, as an input to the Pareto model to
develop the SA1 mechanoreceptor transduction model. We first find a curve fit for the strain
energy density at a mechanoreceptor location. We find that the curve, y = AeBI + CeD , fits well
with the fall in strain energy density where with A, B, C D are curve fit parameters (A=0.0817,
B=-8.641, C=0.07799, D=-0.08654).
We noted earlier that a random sample can be generated from a Pareto distribution using inverse
transform sampling. If U is a uniform random number in the interval (0,1) then X = is
U "
Pareto distributed, where u and a are the threshold and shape parameter of the Pareto
distribution. To incorporate the strain energy density into our model, we then scale the random
1
number, X, by the inverse of the curve fit curve i.e. by a factor of K= Bt + CeDt) during
spike generation in our algorithm.
We find that this modified Pareto based transduction model fits the experimental data well with
threshold parameter = .0024 and shape parameter = 5. The spike train generated from this model
for five independent trials is shown in figure 3.13B. For comparison we have shown the spike
train from the original data in 3.13A. We then plot the average spike train from the simulated
data and plot this with the spike train from the experimental data and find that the Pareto based
model is able to fit very well with what is observed in experiment (figure 3.14).
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Figure 3.13 Comparison of the Pareto based spike train vs. the simulated data.
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Figure 3.14 Comparison of the Pareto based spike train vs. the simulated data.
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Chapter 4
C.elegans Biomechanics
4.1 Introduction
The biomechanics of tissue surrounding the mechanoreceptor plays a crucial role in
mechanotransduction. It governs how mechanical stimulation on the outer surface is transmitted
to mechanoreceptors embedded within the tissue. To understand this, it is essential to accurately
characterize and model the material properties of tissue surrounding the mechanoreceptor. For
the primate finger, discussed in chapter 2, we used single point indentation along with finite
element modeling to estimate bulk viscoelastic properties of the finger tissue. However, the
small size of the nematode C. elegans presents many experimental challenges and it is not easy to
repeat such experiments. In addition to this, not many studies are available in literature that
experimentally characterizes the material properties of the nematode.
Park et al (2007) designed and developed a custom built piezo-resistive cantilever based system
capable of delivering forces between 10~8 and 10-3 N across distances up to 100ptm with a
resolution of 12 nN between 0.1 Hz and 100 Hz. A 10 pm glass bead was attached at the end of
the cantilever and the system was used to indent the mid body of the nematode to determine its
force response. The force curve was found to be linear with an estimated stiffness of 0.8 N/m.
The worm was modeled as a cylindrical elastic shell with hydrostatic pressure. This model is
similar to the "waterbed model" discussed in chapter 2 (Srinivasan, 1989). A major shortcoming
of the waterbed model was that mechanoreceptors embedded in the incompressible fluid feel the
same hydrostatic pressure. Thus, two mechanoreceptors embedded at different depths will feel
the same hydrostatic pressure neglecting the load attenuation in biological tissues. Thus, there is
a need for more mechanistic model of the nematode that is capable of predicting
mechanoreceptor response.
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Figure 4.1 (A) shows the piezoresistive cantilever system used by Park and coworkers to estimate force curves for
Celegans (B) shows the linear force curve obtained using the system (C) shows the elastic shell model used in these
studies to describe the observed behavior (figures A, B and C are from Park et al, 2007) (D) shows the "waterbed
model" used to describe the biomechanical behavior of the primate finger (figure D from Srinivasan, 1989)
100 Ilm
16.
4.2 Force spectroscopy with an AFM apparatus
The force spectroscopy capabilities of the atomic force microscope (AFM) make it a useful tool
to characterize local mechanical properties of polymers and other rubbery materials at the micro
and nano scale. In the recent past, it has been employed by research groups to study the
mechanical behavior of biological materials and tissues. Heim et al (2006) studied the elastic
response of collagen fibrils extracted from the inner dermis of the sea cucumber, Cucumaria
frondosa. The modulus was obtained by fitting experimental data to a Hertzian based contact
model and it was found to be 1-2 G Pa (in air). The effects of hydration on the mechanical
response of collagen fibrils extracted from bovine Achilles tendon has also been studied (Grant
et al. 2008). In these studies, fibrils of diameter ranging from 70 nm to 150 nm were tested using
indenters of tip diameter 30 nm.
When using Hertz theory to estimate material properties from AFM indentation data of larger
samples, one must be careful to ensure that stresses developed during contact are small enough
so lie within the elastic regime. This is more prevalent in low modulus materials such as rubbers
and biological tissues where small indentations by relatively sharp indenters can lead to large
stress concentrations (Dimitriadis et al, 2002). In order to avoid the development of such stress
concentrations, modified AFM probes have been employed where a spherical glass bead is
attached to the end of the cantilever. This technique has been used by Lin et al (2007) to
characterize the elasticity of lightly cross-linked poly (vinyl alcohol) gels in equilibrium with
water.
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Figure 4.2 (A) shows a schematic of the atomic force microscope (AFM) setup used by Lin et al, to estimate the
mechanical properties of rubber like materials (B) shows a set of typical force response curves from an AFM
indentation experiment. In the figure, the two curves are shown seperated for clarity. The top curve shows the
reponse to indentation and the bottom curve shows the force response to retraction (figure from Lin et al, 2007).
In these analyses, AFM indentation experiments were done to obtain force response curves. To
estimate material properties, the experimental force curve is fit with an analytical model such as
from the Hertz theory and the Young's modulus is thus deduced. However, models such as the
one from Hertz theory come with many assumptions such as when estimating solutions, each
body is considered as an elastic half space where the area of contact is much smaller than the
characteristic radius of the body. For complicated layered materials on a microscale such as the
nematode, this theory may not be feasible to use. Instead of opting for Hertz theory to estimate
the material properties, we use numerical methods to develop a 3D multilayer finite element
model of the nematode. We simulate the indentation experiment and estimate the modulus of the
nematode by matching the force curve estimated by the numerical model with experimental data.
This model is then validated by matching the surface deflection profile due to a spherical micro
indenter with that observed in experiment (section 3.3). In this chapter, we estimate the material
properties of the nematode C.elegans by indenting its cross section with an AFM apparatus with
a modified cantilever tip with a glass bead of size 1 Opm attached to its end.
4.3 Materials and Methods
4.3.1 Strains
Wildtype strains of the nematode (N2) were obtained from the Caenorhabditis Genetics Center
at the University of Minnesota, Twin cities. Nematodes were grown on agar pads and adult
nematodes of diameter 50 tm were selected for the indentation experiments.
4.3.2 Cantilever calibration
Modified AFM probes (with 10 pm borosilicate particle attached) were obtained from Novascan
Inc. The modified cantilever was calibrated using the thermal tune method (Hutter and
Bechhoefer, 1993). The spring constant of the cantilever was estimated to be 3.6521 N/m. We
shall refer to this as kc.
4.3.3 Sample preparation
During the indentation experiment one must be careful to ensure that the substrate on which the
worm is supported must not have considerable deformation during the experiment. This can lead
to erroneous estimation of the material properties of the nematode if this is not taken into
account. Though a hard substrate is ideal for such experiments, the nematodes survive only on
soft well-hydrated substrates such as agar gels and quickly dry out if placed on glass slides. In
order to accommodate these issues we prepared "dried" agar coated glass slides. The dried agar
pads were prepared by coating glass slides with agar (Sigma-Aldrich Co) prepared at 6% wt/vol.
The samples were kept to a thickness of 5mm. These coated slides were kept overnight for them
to dry out completely. Live adult nematodes were transferred to the agar coated slides by
pipetting with a drop of water. The water was allowed to spread out evenly on the slide and dry.
The slides were then mounted on the AFM apparatus and kept for observation. With time the pad
slowly dries out (~10-15 mins). Due to the lack of food and water on the dried agar slides, the
worms become immobile as well but are still alive. At this point, the worms were indented and
readings recorded. It is to be noted that the worms were not dead during the experiment rather
were immobile. This was done to avoid the use of glue to avoid pre-stresses on the nematode due
to hardening of the glue. Relatively straight worms were chosen for the indentation experiment.
4.4 AFM indentation experiments and analysis
The calibrated modified probe was first indented on glass to obtain a reference deflection curve
(d vs. z) where d is the deflection of the cantilever and z is the distance moved by the piezo
actuator. The slope of the deflection curve was found to be 1.252±0.016 (n=5). Indentation
experiments were then performed on nematodes pipetted onto dried agar pads using a
commercial AFM apparatus (Veeco Nanoscope V) with the calibrated modified AFM probe
(Novascan, Inc). The indentation experiment consisted of 5 independent trials on worms as well
as indentation on the agar pad beside the worm. All indentation experiments were conducted at
room temperature.
The response of the worm was found to be linear (Figure 4.3) within our indentation range. This
is in agreement with observations in literature (Park et al, 2007). The mean slope of the
deflection curve (d vs. z) was found to be 0.843±0.015 (kw) for the worm. The indentation depth
was calculated by comparison with a reference force curve, similar in approach to that in
literature (Tan et al, 2005; Heim et al, 2006). Figure 4.4A shows the force response due to
indentation on the worm as well as indentation on a reference surface (glass). We will use these
two curves to derive the effective stiffness of the worm.
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Figure 4.3 shows the deflection curve of the nematode. The y axis is the deflection of the cantilever, d, and the x
axis is the indentation of the piezoactuator, z.
The indentation depth (6) and the resulting stiffness of the worm were estimated from the slopes
of the deflection curves (kr, kw) as well as the spring constant of the cantilever (kc). If we know
the distance moved by the piezoelectric actuator (zw) after indentation of the worm and the
deflection of the cantilever (d) due to indentation, we can estimate the indentation depth (6).
6 = z,-d
If we indent a rigid sample such as glass, the distance moved by the piezoactuator (Zr) is the
same as the distance by which the cantilever deflects (d). Using this, we estimate the indentation
depth of the worm.
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Figure 4.4 (A) shows the experimental d vs z curve for indentation with a worm (red curve) and a reference surface
(black curve), glass (B) shows a schematic of linear force response of the the d vs. z curve for the worm and
reference surface used to estimate the effective stiffness of the worm. kr is the slope of the force response curve of
glass and kw is the slope of the force response of the worm.
Graphically, this is represented in figure 4.4. Figure 4.4A shows the experimental force curves
when the worm (red curve) and glass (black curve) is indented with a modified cantilever. Figure
4.4 B shows a schematic where we can graphically obtain the indentation depth.
Consider a deflection d, we know that
d = kzr = kz,
d d 1
S=z -z dd
k, k, ( k, kr
We know that the cantilever stiffness is kc. Thus the deflection force, F, on the cantilever due to
the indentation is F = ked
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k, k" k, k, kk
F=kr -k k
Hence, the estimated stiffness is ( kk 4 )kk, - k1
Based on the experimental data, the stiffness of the nematode was estimated to be 9.42 N/m. It
should be noted that our reported stiffness is higher than what is reported in literature. In an
earlier study by Park et al (2007), they too found a linear response but their estimated stiffness
was 0.8 N/m. We believe that the higher values reported by us could be due to the following; our
atomic force microscope setup was not developed for force spectroscopy. As a result the time
taken between loading a sample (when the worm is stationary) and taking a reading is roughly
about 10 minutes. In this time there may be some drying of the cuticle of worm resulting in an
extra stiffness. However, this delay was uniform in all our experiments (n=5), the mean slope of
the deflection curve (d vs. z) was found to be 0.843+0.015 for the worm, and we thus did not
observe much variation on each of our 5 independent readings. The force response was however
observed to be linear similar to what is reported in literature.
Also it should also be noted that, Park and coworkers used hydrated agarose gel pads with
concentrations above 8% was sufficient to neglect any effects of the substrate. We have opted for
a much harder substrate in this study so as to be able to neglect effects of the substrate.
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4.5 Modeling
The inherent non-isotropic and heterogeneous nature of most biological tissues presents many
challenges in modeling its behavior. Figure 4.5B shows an electron micrograph of a cross section
of the nematode near its mid body. Park et al (2007) proposed to model the body of the nematode
as a homogenous cylindrical shell with internal hydrostatic pressure to explain their observation
of a linear response to indentation. The same study also revealed that the internal hydrostatic
pressure did not play a major role in the measured stiffness. When the worm was punctured the
measured stiffness change was modest showing that shell mechanics rather than internal pressure
dominated the measured stiffness.
The "pressurized shell model" does have parallels with the "waterbed model" of the primate
finger that was proposed by Srinivasan (1989) as an alternate to the modified Boussinesq
solution by Phillips and Johnson (1981), where the fingertip was modeled as an elastic half space
under plain strain. However even though the waterbed model could explain surface deflections
profiles very well, it could not explain the transduction of mechanical stimuli to neural codes.
More mechanistic 2D homogeneous models were developed to address this (Dandekar and
Srinivasan, 1996) which later evolved into 3D layered finite element models (Dandekar et al,
2003) with realistic geometry.
We propose to follow a similar approach with the goal of developing an accurate biomechanical
model for the nematode C.elegans, which is able to predict both the biomechanical response as
well as the transduction of mechanical stimuli to neural codes which the shell model, like the
waterbed model, is unable to do.
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Figure 4.5 (A) and (B) show an electron micrograph of a cross section of the mid body of the worm. SW-Worm
Viewer, Slice No.(315), 2005. Altun, Z. F. and Hall, D. H. In WormAtlas, (B) shows a close up of the section close
to the surface showing the embedded nerve afferents in a layer between the cuticle and inner tissue. A scale bar was
unavailable with the figure but the width of the worm is estimated to be around 50pim. (C) shows the proposed
multilayer model used in this study consisting of a cuticle, mid and inner layer.
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4.6 Analytic models
An analytic derivation of the stress distribution in a cylinder due to two diametrically opposite
concentrated loads has been derived by Timoshenko and Goodier (1970). The force,
displacement relation for the contact of cylindrical bodies has been derived in Johnson KL
(1985)
o= 2 F (V){ln( 4 R)+ln( 4R )-1}
zrE a] a2
Where, R is the radius of the cylinder a, and a2 are the semi contact widths at the two ends of the
cylinder where it is in contact with the indenter and the base, P is the applied load and 6, the total
compression of the cylinder. Though this relation can be considered linear for small indentations,
it is not representative of our indentation experiments. A more accurate depiction would be to
model the worm as a cylinder and the indenter as a sphere. Analytical solutions for the Hertz
contact problem between a cylinder and a sphere show that the force displacement relation is as
follows
F=ZO E
3 (1-v 2)
Where, F is the load, v is the Poisson's ratio, R is the effective radius and 6 the indentation depth.
However, experimental results of Park et al (2007) as well as results from this study show that
the indentation response of the nematode is linear as opposed to a non linear elastic Hertzian
model. We thus need a modified model to explain a linear behavior as observed in our data
which is may not be easily derived using analytical methods.
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4.7 Numerical models: 3D Hertz model, Shell model and the Multilayer model
The threshold for activation of ion channels for mechanosensation in C.elegans due to stimuli on
the surface has been estimated to be on the order of a micronewton (Doll et al, 2009). Due to the
high sensitivity of these ion channels, we are interested in characterizing the material properties
of the nematode for small strain indentations. The maximum indentation depth in our AFM
experiments was -250 nm while the diameter of the worms selected for study was around 50 Pm.
Thus, the experiments were done in small strain conditions < 1%. In our simulations too, we
have limited the force and displacement ranges to be in accordance with this requirement and all
results in the following section are valid for this assumption.
We adapt modeling methods used in the past to model the finger of primates (Dandekar et al,
2003) to study tactile sense and model the cross section of the nematode near its mid body as a
multilayered cylinder of diameter 50 pm with three distinct regions; a thin cuticle with a width of
0.5 pm (~R/44), a mid layer comprising of muscle tissue and an inner core comprising of
interstitial tissues. The ratios of the widths of each of these layers were obtained from literature
(Desai et al, 2003) as well as from electron micrograph images available online (Altun, Z. F. and
Hall, D. H. eds., 2002-2006, WormAtlas). An electron micrograph of a cross section of the
nematode near its mid body is shown in figure 4.5B. We note that nerve afferents and
mechanoreceptor afferents (ALML) are embedded in the mid layer at a width of 1 Ipm (figure
4.5A). The cylindrical multilayer model was built in ADINA and is shown in figure 4.5C. The
length of the cylindrical section was taken to be 20pim and for small strain indentations due to
the spherical indenter (at z=0) this was found to be enough to neglect the effect of the boundary
at z = 20im.
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We use this model to simulate our AFM indentation experiments (figure 4.6). Due to symmetry
in the problem, half of the glass bead and worm was modeled. The multilayer model is indented
with a prescribed displacement (6) and the contact force (F) between the indenter and the worm
is computed in each simulation. The worm and the indenter are constructed using 27 node 3D
solid elements. The total number of nodes in the model was 54,721 with 800 elements in the
cuticle, 2400 in the mid layer and 3200 in the inner layer. Both the indenter as well as the outer
surface of the cylinder was modeled as 3D contact surfaces. All simulations were done in
ADINA v8.5. As we are using borosilicate beads of size 10 pm for the indentation experiments,
the material properties of the glass bead are fixed (Ei = 65 GPa and vi = 0.2). To validate the
numerical model, we take the material properties of all the layers to be the same (E1=E2=E3=l0
MPa) and simulate contact with the spherical indenter. This is in effect a contact problem
between a homogeneous cylinder and a rigid sphere and our numerical simulation results show
the contact force vs. the indentation depth is indeed Hertzian (figure 4.7).
AFM indenter
C.Elegans cross-section
h oBase plate
Figure 4.6 Schematic of the indentation experiment as well as the finite element simulation of the experiment.
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Figure 4.7 The force response of a corresponding Hertz model when indented with the same glass bead. The inset
image shows the effective stress in the shell due to an applied indentation of 0.7 pm. Our simulations matched with
predictions from Hertz theory.
To study the effect of hardening the outer cuticle we increase the Young's modulus of the cuticle
and observe the force response of the model (figure 6a). The stiffness curve deviates away from
the Hertzian response showing a higher stiffness for small indentations then following a Hertzian
curve for larger indentations. We then check the effect of reducing the Young's modulus of the
inner layers on the stiffness curves. Both the mid layer and inner layer show a flattening of the
stiffness curve on reducing the Young's modulus of the said layers. We now manipulate the
Young's modulus of all three layers and to check if we can get a linear response. By increasing
the Young's modulus of the outer layer and reducing that of the inner layers appropriately, we
are able to get a linear response (figure 6d). We get a modulus of the outer layer to be 50 MPa,
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the mid layer to be 10 MPs and the inner layer to be 1 MPa and the stiffness of the multilayer
model was found to be 8.26 N/m.
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Multilayer Model: Effect of Softening the Mid Layer
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Figure 4.8 Simulation results to study the response of the stiffness curve to a change in material properties of the
three layers. (A) shows the effect of hardening of the cuticle on the force response curve (B) shows the effect of
softening of the mid layers on the force response curve.
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Figure 4.9 (A) shows the effect of softening of the inner core on the force response curve of the worm (B) shows the
process of linearizing the force response curve by manipulating the Young's Modulus of the three layers. The inset
of (B) shows the final linearized curve with E1=50, E2=10 and E3=l MPa
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The response was found to remain linear for the ratio of Young's moduli of the cuticle, mid layer
and inner layer 50:10:1 for our given geometry within our indentation rage. To match our
experimental stiffness of 9.4 N/m, the Young's Moduli of the layers was found to be 56.9 MPa
for the cuticle, 11.38 MPa for the mid layer and 1.13 MPa for the inner layer.
Thus, here we show that a multilayered model, like the shell model is also able to reproduce a
linear force response to micro indentation. We have two models that show the same force
response. To separate these two models we would need an independent experiment that can act
as a validation step for the models. We shall discuss this in the next chapter.
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Chapter 5
The Shell model and the Multilayer
model
5.1 Introduction
In chapter 4, we proposed a multilayer elastic model to describe the biomechanical response of
the nematode C.elegans and show that the model is also able to reproduce a linear force response
curve as observed in our experiments (section 4.7). We propose this model as an alternative to
the "shell model" in literature (Park et al, 2007), where the worm is assumed to be a pressurized
elastic shell. The force response of the shell to an applied indentation with a spherical micro
indenter is also linear. Figure 5.1 shows a numerical simulation showing the force response of a
shell model with different internal pressure to indentation with a spherical indenter of radius 5
jim depicting this linear response. To check which of the two models better explains the
biomechanics of C.elegans, we need an independent experiment to differentiate the two.
A cylinder/shell under a normal point load will return to its original undistorted shape a certain
distance from the point of loading (along the axis of the cylinder). This distance is termed as the
"flattening" of the cylinder under a point load. To differentiate the multilayer model from the
shell model, we first compare the homogenous flattening of the two models along its axis and
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compare the length scale of the resulting deformation using a scaling approach. For a long thin
walled shell of radius R and thickness t, the local flattening of the cylinder extends roughly on
the order of - (de Pablo et al, 2003) along the axis of the cylinder. Based on shell thickness of
C.elegans reported in literature (Desai et al, 2003), local flattening extends to ~6.6R (for t~R/44)
along the axis of the cylinder. We use a micro indenter with spherical tip radius 5 pm to indent
the surface of the nematode and observe the flattening along the axis of the worm. The extent of
the flattening along the worm axis was observed to be of the order of R (figure 5.2). At length
scales greater than R the worm was essentially undeformed.
Shell model
E = 300 M Pa, v,=0.48
Radius of Shell = 25 pm
Shell thickness = 0.6 stm (-R/44)
* FEM (Internal Pressure = 0 KPa
* FEM (Internal Pressure = 20 KP
A FEM (Internal Pressure = 50 KR
r - I I I
0.0 0.1 0.2
- I - I - 1 -
0.3 0.4 0.5
Indentation depth (prm)
a)
a)
I - 1 1
0.6 0.7 0.8
Figure 5.1 (a) shows the linear force response of a 3D pressurized shell model to indentation with a glass bead of
diameter 5 urn. The inset image shows the effective stress in the shell due to an applied indentation of 1p m.
116
0.06 -
0.05 -
0.04 -
0.03 -
0.02 -
0.01
0.00
Figure 5.2 Indentation of the nematode with a micro needle showing the extent of deformation of the cuticle and
worm body is of order R (local deformation) as opposed to 6.6R as predicted by a shell model (de Pablo et al, 2003).
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5.2 Numerical Simulation of Indentation: Shell vs. Multilayer
We then numerically simulate this indentation experiment using our two models. A 100 micron
length segment (1) of the worm and shell was developed. The geometry of the worm was
estimated from the captured images (radius was found to be 38 microns). The boundary
conditions used in the simulation were:
1. No slip at the bottom of the worm: In the experiment, the worm was gently indented from
the side to get a deflection profile. The friction between the worm and agar pad was enough
to resist any lateral motion due to the light indentation.
2. The cross section was assumed to be stationary a length (1=100 pm) from the point of
indentation. We chose a length 100 gm away from the point of indentation where we
assume no deformation occurs. This was set based on observations during our preliminary
indentation experiment (figure 5.2 B)
3. Symmetry at the cross section where the indentation takes place.
The geometries of the internal layers were estimated from literature as reported in section 4.7.
The worm and the indenter are constructed using 8 node 3D solid brick elements. The total
number of nodes in the multilayer model was 44,673 with 5120 3D solid elements in the cuticle,
15360 in the mid layer and 20480 in the inner layer; the shell model had 5776 nodes with 2560
3D solid elements for the shell. Both the indenter as well as the outer surface of the cylinder was
modeled as 3D contact surfaces. All simulations were done in ADINA v8.5. Results are shown in
figure 5.3. For the multilayer model, the deformation zone was found to be local (order R) as
compared to the shell model where the zone of deformation extended to 5R (figure 5.3A).
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Surface Deflection Profile: Shell vs. Multilayer
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Figure 5.3 (A) shows the surface deflection profile of a 100 pim length shell and multilayer model indented with a 5
ptm radii spherical indenter (B) and (C) show the deformed meshes of the multilayer model and the shell model. We
show that for a multilayer model the deformation is local and for a shell it extends over a much larger length scale.
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5.3 Surface deflection experiments
For a quantitative fit, we perform a more controlled indentation experiment where the surface of
the worm was indented with the 5 ptm indenter to a depth of 6 pm. The glass micro indenter was
formed by pulling 0.5 mm glass capillaries over a flame. The micro-needle is then mounted on a
glass slide with surgical glue (figure 5.4 inset) and attached to an XYZ stage. The setup of the
apparatus is shown in figure 5.4. The microscope and the XYZ micro stage are fitted onto a base
plate. The microscope is fitted with Optixcam Summit series camera 5.0 MP Microscope Camera
(OCS-5) which is accompanied by image processing software (OC View) by which we are able
to characterize the width of the worm, indenter as well as observe the displacement of the
indenter in the worm.
Glass micro ndenter
Agar Side
mounted wit
Celegans'-
XYZ microstage
Figure 5.4 shows the setup used to characterize the surface deflection profile of the nematode. The setup consisted
of a micro indenter mounted on an XYZ stage and a microscope fitted with a microscope and image processing
software.
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Agar pads were prepared by coating glass slides with agar (Sigma-Aldrich Co) prepared 6%
wt/volume. We opt not to go with "dried agar pads" as we did before as the direction of our
indentation is parallel to the base plate so we need not worry about the deformation of the agar
pad due to applied indentation. Live adult worms are then transferred loaded on agar coated by
pipetting with a drop of water. We add 0.01mM sodium azide to the slides as well during
preparation. This restricts motility of the worms when transferred to the agar coated pads. Once a
stationary worm is selected, the indenter is brought close to the worm surface and then is lightly
"nudged" against the body of the worm. This was done to ensure the worm doesn't slide laterally
during indentation. It was observed that the friction between the worm and the agar pad was
enough to prevent the worm from sliding due to the indentation. Images were taken before and
after indentation. The surface deflection profile was then extracted using MATLAB. Figure 5.5
(A) and (B) show the extracted profile of the deformed and undeformed surface of the nematode.
Analysis of the deformed and undeformed images shows that the deformation zone extends only
to a length of 50 microns along the length of the worm. We thus create a more refined model to a
length of 50 microns. Due to symmetry we model half of the worm and indenter and the same
boundary conditions were used as in our earlier simulation. The total number of nodes in the
model was 32,180 with 9680 3D solid elements in the cuticle, 10240 in the mid layer and 10240
in the inner layer. This multilayer model is indented to a depth of 6 pm and the surface deflection
profile is computed. The deformed mesh is shown in figure 5.6B. The numerical solution was
found to fit well with the experimentally obtained surface deflection data (Figure 5.6A). We thus
show that the multilayer model is able to fit both the force response as well as the surface
deflection profile well.
121
Figure 5.5 (A) and (B) shows the boundary trace of the deformed and undeformed worm obtained from the
indentation experiment.
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Figure 5.6 (A) shows the comparison of the experimental surface deflection due to an applied spherical indentation
of depth 6 urn compared with the numerical simulation (B) shows the deformed mesh of the multilayer model used
in the numerical simulation.
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5.4 Predicting neural response of mechanoreceptors using multilayered models
Multilayered 3D finite element models have been shown to be able to predict the responses of
slowly adapting type I (SA-I) mechanoreceptors in response to indentation to complex shaped
objects in primates (Dandekar et al, 2003). In these studies, the strain energy density (SED) at
typical receptor locations in the primate fingertip, due to an applied indentation, was found to
match well with spatial neural response profiles of mechanoreceptors recorded in prior work
(LaMotte and Srinivasan, 1987).
Goodman et al. (1998) developed techniques to record electrical responses from touch receptors
in C.elegans. These techniques were then used to show that external forces, applied to the body
of the worm, invoked mechanoreceptor currents (MRCs) in C.elegans touch neurons that
increased in proportion to the applied stimulus (O'Hagan et al, 2004). In their study, the
normalized peak MRC was plotted with the applied force per unit contact area and a single
Boltzmann function was found to fit well with the data. The time course of the membrane
potential generated by a mechanoreceptor in C.elegans is reminiscent of Pacinian receptors in
humans (figure 1.10). However, it should be noted that there is not enough experimental data
available to us to qualitatively calibrate and validate a neural model that is able to predict the
membrane voltage and mechanoreceptor currents due to an applied stimulus. This section shows
trends that suggest that a multilayer model may show promise in being able to predict
mechanoreceptor currents. We use the multilayer model to estimate the strain energy density at a
prospective mechanoreceptor location and plot the variation of the strain energy density with the
applied force. It was observed that the SED also varied as a Boltzmann cuve for similar
indentation ranges (figure 5.7) suggesting that the peak mechanoreceptor current may be related
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to the strain energy density at the mechanoreceptor location. Again, more conclusive evidence is
needed to validate this hypothesis but the trend shown does suggest some promise in modeling
MRCs as a function of SED.
Figure 5.7 shows available data of C.elegans neurophysiology in literature. These experiments
were done by O'Hagan and coworkers in a paper published in 2005. The electrophysiological
recordings were made from the PLM mechanoreceptor of C.elegans in response to a step force
input applied by a stimulus probe in vivo. The resulting "poke" from the probe generated a
mechanoreceptor current (MRC) and the resulting change in mechanoreceptor membrane voltage
was observed in the mechanoreceptor potential (MRP). As we have observed that the peak MRC
and the strain energy density seem to follow a Boltzman distribution, we propose a hypothesis
that the mechanoreceptor current will be a function of the strain energy density. The exact
function will need to be estimated as and when more neurophysiological data gets available to
us.
However, we know that the PLM mechanoreceptor responds only to a change in force (similar to
the human Pacinian receptor. Thus, we can assume that the relation between the strain energy
density at the mechanoreceptor location and the MRC is a normalized dirac delta function where
a step in the strain energy density will result in a pulse current. We assume the input
mechanoreceptor current to be a pulse of a fixed with, which is a reasonable approximation to
the actual input current observed during experiments (figure 5.9). We implement a Hodgkin-
Huxley model to fit this available experimental data. We assume the pulse mechanoreceptor
current is fed into the Hodgkin-Huxley.
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The Hodgkin-Huxley model then predicts the time course of membrane voltage due to the
applied mechanoreceptor current. As was described in section 3.3, the Hodgkin-Huxley model
can be described by the circuit diagram shown in figure 3.4.
The net equation describing the behavior of the circuit is given by the following
dV
It=C, 'd"-V +GNa(V - EA)+GK ( -EK )+GL (V VL)dt
However, this one equation only describes the current-voltage characteristics of the circuit. The
full set of equations derived by Hodgkin and Huxley consist of a set of coupled nonlinear partial
differential equations. The ionic conductances, GNa and GK, were also found to be dependent on
the membrane potential, Vm, which varied with time during an action potential. They were
described by the following equations
GK GK 4 n(Vn t)
GNa GNam 3 (V,,, t)h3 ( ,,t)
where, n and m are "activation factors", responsible for the rise in potassium and sodium ionic
currents respectively and h is a "deactivation factor" responsible for the fall in sodium ionic
current. Each of these factors could be described by a first order kinetic equation.
dx_dx= a, (1- x)+,8,,x
dt
where x can be any of the activation or deactivation factors; m, n and h.
Hodgkin and Huxley fit the rate constant with the following analytic expressions based on their
experimental observations.
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All these equations together comprise the Hodgkin-Huxley model. We fit this model to the
observed mechanoreceptor membrane potential (MRP) for the given input mechanoreceptor
current. The comparison between the model and experimental data is shown in figure 5.9 and
shows a very good fit.
Clearly, more work needs to be done to obtain a more conclusive relationship between the strain
energy density and mechanoreceptor current but these preliminary observations illustrate the
utilility of having a multilayer model which is able to predict mechanoreceptor response as
opposed to a pressurized shell model where the pressure at a mechanoreceptor locations may not
change due to an applied indentation. These observations also suggest that, similar to what was
observed in primates, the strain energy density at an applied mechanoreceptor location may be
directly related to the neurophysiological response in C.elegans. To determine a more
quantitative relation between strain energy density and neurophysiological response of a
mechanoreceptor, we would require more neurophysiological data in response to different
indentations and indenters, which is currently unavailable in literature. We shall leave this for
future work.
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Figure 5.7 shows the computed strain energy density at a prospective mechanoreceptor location computed using the
developed numerical multilayer model and a Boltzmann curve fit of the data.
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Figure 5.8 shows the neurophysiological response of C.elegans in response to a force step as observed by O'Hagan
and coworkers. The time course of the membrane potential and mechanoreceptor current in response a force step is
shown. Figure is from O'Hagan et al, 2005.
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Figure 5.9 shows the step input current fed into the Hodgkin-Huxley model to estimate membrane voltage
compared with the experimental mechanoreceptor current measured in response to a step force input (OHagan et al,
2005).
o OHagan data (2005)
-'Hodgkin-Huxley fit
100 200 300 400 500 600
Time (ms)
Figure 5.10 shows the membrane voltage developed Hodgkin-Huxley model fitted to experimental data of
mechanoreceptor potential recorded from the PLM cells in C.elegans in response to a force step.
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Chapter 6
Conclusions
6.1 Summary
This thesis presents the development of predictive multiscale models to gain an understanding of
the processes leading to mechanosensation using two model organisms: the nematode C.elegans
and the primate Rhesus macaque. The specific aims of the thesis are as follows: 1) To measure
the biomechanical properties of C. elegans tissue and the primate fingertip through micro and
nano indentation 2) To develop realistic finite element models for the nematode and the primate
finger to predict biomechanical response to touch. 3) To model how touch-sensing neurons
respond to mechanical stimuli: transduction of mechanical signals to a frequency of action
potentials. Through these studies, we gain a better understanding of how mechanotransduction is
achieved, more specifically (1) How touch stimulus on the body is transmitted mechanically to
the mechanoreceptor locations within the body (2) What is the relationship between the response
of mechanoreceptor and the stress/strain field around it?
We start by studying and modeling he biomechanics of the primate finger. Current models in
literature assume the primate finger to be elastic and studies suggest that the strain energy
density at the location of an SA-1 mechanoreceptor is a good predictor of the mechanoreceptor
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static discharge-firing rate. However, we know that skin tissue is viscoelastic in nature, thus
these models do not completely describe the tactile mechanism. Furthermore, these models relate
the input stimulus to static or steady state discharge rate of the mechanoreceptors. Tactile
information is coded in the timing of the action potentials generated by the mechanoreceptors on
stimulation.
The first part of the thesis deals with experiments to characterize the viscoelastic properties of
the primate finger. We use a combination of single point indentation and numerical simulation to
estimate the bulk viscoelastic properties of the finger. Anaesthetized primates were indented with
a step displacement and the stress relaxation was observed in its force response. A 3D finite
element model based one geometry data from literature was built. Two models, a homogeneous
viscoelastic model and a multilayer model with an elastic epidermis and a viscoelastic core were
calibrated with the force data by simulating indention with a cylindrical indenter and iterating on
material properties of the layers in the numerical model and matching with experimental force
data. It was found that both the models were able to fit with the experimental stress relaxation
data. To differentiate between the models, we needed to compare the response of both the
models to an independent experiment. We simulate indentation with a line load and compare the
surface deflection profile of both the models to that observed in experiment (Srinivasan, 1989).
We find that a multilayer model with an elastic epidermis and a viscoelastic core is able to
predict both the force data as well as the surface deflection profile. We thus have a calibrated and
validated viscoelastic numerical model of the primate fingertip. This model helps us understand
how loads are transferred from the surface of the finger to mechanoreceptor locations within the
finger.
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The next stage in the tactile mechanism is the transduction of these mechanical signals at the
mechanoreceptor location into neural impulses that are sent to the brain. Most of the earlier
studies mentioned in section 1.4 develop biomechanical models to predict the static or steady
state discharge rate of the mechanoreceptors. Our study reveals that the stress relaxation of the
viscoelastic tissue surrounding the mechanoreceptor is directly proportional to the dynamic firing
rate of the mechanoreceptor. Using our calibrated and validated model, we simulate indentation
with a flat plate subjected to a displacement controlled ramp and hold stimulus. We compare the
dynamic discharge rate of SA-1 mechanoreceptors with the fall in strain energy density at a
mechanoreceptor location and find the two match well suggesting that the dynamic firing is
regulated by the relaxation in the surrounding tissue. Out next step was to model this response.
Most transduction models in literature for mechanoreceptors are biological models where the
mechanoreceptor is assumed to be an electrical circuit with resistors, capacitors and variable
conductances. Early models such as the "integrate and fire" model as well as the Hodgkin and
Huxley model were developed to model action potentials observed in experiment. These models
were fed with an electrical current and were able to predict the membrane voltage of the
mechanoreceptor. Though these were accurate in reproducing action potentials, their complexity
made it difficult to implement. Tactile information is an aggregation of the electrical responses
from a population of mechanoreceptors. Using complicated models to predict the response of a
population of receptors is infeasible. Furthermore tactile information is encoded in the timing of
individual action potentials rather than in the dynamics of a single action potential.
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We opt for a point process based model to predict mechanoreceptor response. Point process is a
stochastic process composed of a sequence of binary events that occur over continuous time.
They are generated based on probability distributions such as Poisson, Pareto, and Inverse
Gaussian among others. Inverse Gaussian based models have used to model the timing of action
potentials of cultured goldfish retinal neurons under constant conditions (Iyengar and Liao,
1997). We find that a Pareto based model best suits our application. We develop a stimuli
specific Pareto based model that is fed with the strain energy density at a mechanoreceptor
location obtained from out finite element model. We find this coupled model with finite element
model of the primate finger and a stimuli specific strain Pareto point process model is able to
predict the dynamic firing rate due to indentation with a flat plate.
In the last part of the thesis, we investigate the biomechanics of touch in the nematode C. elegans.
There is not much literature available characterizing the mechanical properties of the nematode.
One prominent study (Park et al, 2007) used a custom built piezo-resistive cantilever to indent
the worm and get a linear force curve. They proposed a shell model, similar to the "waterbed
model" proposed earlier for the primate finger to explain the nematodes biomechanics. In this
thesis, we propose a multilayer model (with 3 layers each for the cuticle, mid and inner core) an
alternate model to the shell model.
We first, investigate the biomechanics of Celegans by single point indentation with a atomic
force microscopy (AFM) setup. We also find a linear response to microindentation as reported in
literature. We then show that a multilayer model is also able to reproduce a linear response to
microindentation. Finally, to compare the multilayer model with the shell model, we perform
134
experiments to characterize the surface deflection of the nematode to microindetation. Scaling
arguments show that surface deformation due to indentation by a microsphere on a shell model is
of the order of -6.6R. We verify this numerically and show that for a multilayer model, the zone
of deformation is local (of the order R). We then compare the surface deflection profile of the
numerical model with that of experiment. We find that the multilayer model is able to predict
both the force data as well as surface deflection data thus showing it to be a viable alternative to
the shell model. There is limited neural data available in literature to build and validate a
complete model describing nematode mechanoreceptor electrophysiology. We implement a
Hodgkin-Huxley model to fit with available electrophysiological data in literature.
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6.2 Future work
The use of C.elegans as a model organism gives us an opportunity to study the
mechanotransduction complex itself thus giving us insights into tactile sensation at the molecular
level which was not possible with our studies with the primate. It opens up a lot of interesting
research opportunities to study touch at the molecular scale. As has been mentioned in sections
1.5, genes required for the mechanosensory cells to function have been identified by
mechanically stimulating mutant worms and observing whether there is a loss of function with
regards to mechanosensation. These genes encode certain proteins in the mechanoreceptor which
are required for mechanosensation so a mutation in these genes should disrupt or diminish the
normal behavior of the touch cells. In experiments in literature, a hair lash or a mechanical probe
was used to "poke" the mutant worms. Those worms that responded inappropriately or not at all
were selected and were used to identify the genes responsible for this phenotype. Proteins
responsible for regulating ion channels in these touch receptors were also identified by studying
the electrophysiological response of touch cells to mechanical stimuli by "poking it" with a
probe (O'Hagan et al, 2005).
Most of the studies mentioned above have used very basic mechanical stimuli to study the
behavior of mechanoreceptors. A simple probe was used to "poke" the worm or a hair lash was
brushed against the worm to study its response. It is yet to be determined whether the type of
mechanical stimuli plays a role in mechanoreceptor response in C.elegans and this is an
unexplored hypothesis which could be investigated. For example, the mechanoreceptors may be
sensitive to a particular aspect of stimuli say stretch, shear, constant pressure, dynamic pressure
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or a combination of these. Further, perhaps certain proteins that regulate the tactile receptors may
be stimuli specific as well (they are active only for a particular type of stimuli).
Future projects could be focused towards functionally characterizing the genes responsible for
mechanosensation by determining their behavior to different types of stimuli. The research
questions we plan to address are as follows: are C.elegans mechanoreceptors stimuli specific?
are genes responsible for mechanosensation stimuli specific? Are particular genes responsible for
say sensing stretch or sensing vibration? What is the electrophysiological response of
mechanoreceptors to different types of stimuli?
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Figure 6.1 (A) shows a DIC image of a typical culture of C.elegans embryonic cells 4 days after isolation and
planting (Christiansen et al, 2002), Scale bar is 5 ptm (B) shows a primary culture of C.elegans mechanosensory
neurons (Bianchi et al, www.Wormbook.org) (C) shows cultured mechanosensory neuron expressing mec-4::GFP
(Christiansen et al, 2002). Scale bar is 10 pm.
Recent advances in cell culture techniques have made it possible to culture fully functioning
mechanoreceptors of C.elegans in vitro. Christensen et al (2002) have developed techniques to
culture C.elegans embryonic cells that differentiate into mechanoreceptors among other cells.
Electrophysiological, Morphological and GFP reporter studies on the embryonic cells cultured
and differentiated with this method do appear to show functional properties similar to those
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observed in vivo (Christensen et al 2002). In addition, these differentiated cells have been shown
to survive for at least 2 weeks.
Techniques have been developed (Goodman et al, 1998) that enable us to conduct
electrophysiological studies on C.elegans touch receptor in vivo. However, the techniques used
in these experiments are quite technically demanding (Bianchi et al, Wormbook). Recently,
alternate methods have been developed to observe the physiological response of
mechanoreceptors in C.elegans. Groups have developed transgenic C. elegans expressing the
fluorescent Ca2+ sensing molecule cameleon (Kerr et al., 2000; Miyawaki et al., 1997) in touch
neurons and measured changes in intracellular Ca2+ concentration when living animals were
stimulated by touch (Suzuki et al., 2003). They found that C. elegans touch neurons respond to
touch by increasing Ca 2+ levels and that some MEC proteins (MEC-4, MEC-2 and MEC-6) are
required for this response. Similarly, O'Hagan and colleagues applied electrophysiological
techniques to study electrical responses to touch of C. elegans touch neurons and reached similar
conclusions (O'Hagan et al., 2005). Calcium imaging is proving to be a useful tool in non-
invasively monitoring nerve cell activity. We hope such techniques are successful in generating
enough neural response data to different mechanical stimuli to enable us to test different
hypothesis.
To determine exactly what types of mechanical stimulation characterizes the behavior of
mechanoreceptors and more specifically if the type of stimuli is characterized by a particular
gene in the C.elegans mechanotransduction complex, it is essential to expose mechanoreceptors
to different types of stimuli to determine whether we can identify certain "eigen" stimulations
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that can be used to characterize the behavior of mechanoreceptors. In our studies, described in
chapters 2 and 4, we performed micro and nano indentation with a cantilever and AFM to
estimate the material properties of primate skin and C.elegans tissue. This is only one type of
indentation that can be imparted to the nematode. Future work could involve subjecting the
worm as well as the nematode to a variety of stimulation. The different types of stimulation that
can be imparted to the nematode as well as to cultured mechanoreceptors are shown in figure 6.2,
these include; uniform pressure, shear, stretch and point stimulation to determine the spatial
resolution of the mechanoreceptors. The figures are adapted from Brown (2000) and Suresh
(2007). The response of the mechanoreceptors to both static and dynamic aspects of each type of
stimulus could be studied.
As for studies with the primate, when modeling the neurophysiological response, this thesis deals
with ramp and hold stimulus with a flat plate indenter. Studies could be expanded to look at the
dynamic response of the primate finger to different shaped indenter to study the effect of shape
on dynamic mechanoreceptor response.
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Figure 6.2 Methods of Mechanical Stimulation of mechanoreceptors. These membrane bound receptors can be
exposed to uniform pressure using the setup shown in (a) They can be stretched by stretching the membrane they are
bound to (b), a shear force can be applied to them by exposing them to fluid flow either in a microfluidic channel or
using a cone plate rheometer setup (c). We also plan to test the spatial resolution of receptors by using a probe to
stimulate the film on which the receptors are bound (d). All figures have been adapted from Suresh (2007) and Brown
(2000)
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APPENDIX
APPENDIX
Al. MATLAB code to generate Poisson and Pareto based Point process model
clear;
clc;
arrival rate (lambda) and Tmax
lambda=input('Enter arrival Rate:');
Tmax=input('Enter maximum time:');
Generating Poisson Random Numbers: ISI -> Exponential
T=zeros (1, 5);
for k=1:5
i=1;
while T(i,k) < Tmax,
U(i)=rand(l,1);
ISI (i) =-(1/lambda) * (log (U (i)));
T (i+1, k) =T (i, k) +ISI (i);
i=i+l;
end
end
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T thin=T;
N=size (T,2);
figure; plot([T thin(:,1) T thin(:,1)],[1 1.5],'k',[T thin(:,2)
T thin(:,2)],[2 2.5,'k', [T-thin(:,3) T-thin(:,3)],[3
3.5], 'k', [T thin(:,4) T thin (: ,4)] , [4 4.5], 'k', [T thin(:,5)
T thin(:,5)],[5 5.5], 'k');
Title('Simulated Spikes:
(sec) ');ylabel('Trial nu
Poisson Process');xlabel('Time
mber');
axis([O 6 1 5.5])
%Generating Pareto Random Numbers
% arrival rate (lambda)
alphal=2;
xml=.1;
Tl=zeros (1,5);
i=1;
and Tmax
%Generating Pareto Random Numbers
for k=1:5
i=1;
while T1(i,k) < Tmax,
U(i)=rand(1,1);
ISIl(i)=xm1/(U(i)^(-1/alphal));
T1(i+1, k)=T1(i, k)+ISI1(i);
i=i+1;
end
end
xml .1, alpha=2:
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N1=size (Ti, 2);
figure;
plot([T1(:,1) T1(
2.5], 'k', [T1(:,3)
4.51,l'k', [T1(:,5)
:,1)], [1
T1 (:,3)]
Ti1(:,5)], [5
1.5], 'k', [T1 (:,2) T1(
, [3 3.5], 'k', [T1 (:,4)
:,2)], [2
T1(:,4)], [4
5.51, 'k');
Title('Simulated Spikes: Pareto Process') ;xlabel('Time
(sec)');ylabel('Triai number');
axis([G 6 1 5.5])
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A2. MATLAB code to compare parameters of a Pareto based Point process
clear;
clc;
% arrival
alphal=1;
alpha2=5;
alpha3=25;
xml=. 1;
xm2=. 5;
xm3= 1;
rate (lambda) and Tmax
Tmax=input('Enter maximum
T1(l)=O;
i=1;
%Generating Pareto Random Numbers xml=.1,
while T(i)
alpha=2:
< Tmax,
U(i)=rand(1,l);
ISIl(i)=xml/(U(i)^(-1/alphal));
T1(i+1)=T1(i)+ISI1(i);
i=i+l;
end
T2(1)=O;
i=l;
%Generating
while T2(i)
Pareto Random Numbers: xml=.1, alpha=5
< Tmax,
U(i)=rand(l,l);
ISI2(i)=xml/(U(i)^(-l/alpha2));
T2(i+l)=T2(i)+ISI2(i);
i=i+l;
end
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time: ') ;
T3 (1) =0;
Generating Pareto Random Numbers:
while T3(i)
xml=.1, alpha=25
< Tmax,
U(i)=rand(1,1);
ISI3(i)=xml/(U(i)^(-1/alpha3));
T3(i+l)=T3(i)+ISI3(i);
i=i+l;
end
T4(1)=0;
i=1;
%Generating
while T4(i)
Pareto Random Numbers:
< Tmax,
xml .1, alpha=5
U(i)=rand(1,l);
ISI4 (i)=xml/ (U(i) ^ (-l/alpha2)
T4(i+1)=T4(i)+ISI4(i);
i=i+l;
end
T5(1)=0;
%Generating Pareto Random Numbers:
while T5(i)
xml=.5, alpha=5
< Tmax,
U(i)=rand(1,1);
ISI5 (i)=xm2/ (U(i) ^ (-1/alpha2));
T5(i+l)=T5(i)+ISI5(i);
end
T6 (1) =0;
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i=1;
%Generating Pareto Random Numbers:
while T6(i)
xml= 1, alpha=5
< Tmax,
U(i)=rand(1,1);
ISI6(i)=xm3/(U(i)^(-1/alpha2));
T6(i+1)=T6(i)+ISI6(i);
i=i+1;
end
figure;
subplot (3,1,1);
plot([T1;T1],[ones(size(Tl));zeros(size(Tl))],'k');
ylabel('Spike');xlabel('Time (s)');title('Spike Model:
Process a=0.1, alpha=l');
axis([O Tmax 0 1]);
subplot (3,1,2);
plot([T2;T2], [ones(size(T2));zeros(size(T2))], 'k');
ylabel('Spike');xlabel('Time
Process a=0.1, alpha=5');
(s) ') ;title('Spike Model: Pareto
axis([0 Tmax 0 1]);
subplot (3, 1, 3) ;
plot([T3;T3],[ones(size(T3));zeros(size(T3))],'k');
ylabel('Spike');xlabel('Time
Process a=0.1, alpha=25');
axis([0 Tmax 0 1]);
figure;
subplot (3,1,1);
(s)');title('Spike Model:
plot([T4;T4], [ones(size(T4));zeros(size(T4))],'k');
ylabel('Spike');xlabel('Time (s)');title('Spike Model:
Pareto
Pareto
Pareto
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Process a=0.1, alpha=5');
axis([O Tmax 0 1]);
subplot (3,1,2);
plot([T5;T5],[ones(size(T5));zeros(size(T5))],'k');
ylabel('Spike');xlabel('Time (s) ');title('Spike Model:
Process a=0.5, alpha=5');
axis([0 Tmax 0 1]);
subplot(3,1,3);
plot([T6;T6],[ones(size(T6));zeros(size(T6))],'k');
ylabel('Spike');xlabel('Time
Process a= 1, alpha=5');
axis([0 Tmax 0 1]);
Pareto
Pareto
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(s)');title('Spike Model:
A3. MATLAB code to generate Stimuli specific Pareto based Point process
model
clear;
clc;
time max=2.2;
% Pareto parameters:
xm=.08;
alpha=5;
scale2=5*alpha;
xm (min spacing); alpha (shape parameter)
% arrival rate (lambda)
lambda=alpha;
%Tmax=input('Enter maximum time:');
Tmax=2.2;
%Rate Intesity function
% f(x) a*exp(b*t)
a=0 .0817;
b=-8. 641;
c=0 . 07799;
d=-0.08654;
f(x) = p1*x
p1
% p2
pl = 1.308 ;
p2 = -0.01834;
parameters: Obtained from FE model
+ c*exp(d*t);
+ p2;
1.308
-0.01834
%Generating Pareto Random Numbers:
T=zeros (1, 5) ;
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for k=1:5
i=1;
while T(i,k) < Tmax,
U(i)=rand(1,1);
lambdat(i)=.03/(a*exp(b*T(i)) + c*exp(d*T(i)));
ISI(i)=lambda t(i)*xm/(U(i)^ (-1/alpha));
T (i+1, k) =T (i, k) +ISI (i)
i=i+1;
end
end
T thin=T;
N=size (T, 2);
Scale parameters
units max=1112;
scale=time max/units max;
%loading data from excel
spike raw= xlsread('spike
spike=scale*spike raw;
data.xls');
spike=spike-min(spike(1,:));
figure;
subplot (2,1,1) ;plot ([spike (:,1)
1.5], 'k', [spike(:,2) spike(:,2)
spike(:,3)], [3 3.5], 'k', [spike(
4.5], 'k', [spike(:,5) spike(:,5)
Title('Flat Plate Spike Data');
number');axis([0 2 0 6]);
spike (:,1)],
],[2 2.5],'k'
:,4) spike(:,
],[5 5.5],'k'
xlabel('Time
[1
, [spike(:,3)
4)1, [4
(sec)');ylabel('Trial
subplot (2,1,2);
%plot([t; t],[ones(size(t));zeros
plot([T thin(:,1) T-thin(:,1)], [1
T thin(:,2)], [2 2.5], 'k', [T thin(
(size (t)) ], 'k');
1.5],'k',[T thin(:,2)
:,3) T-thin(:,3)], [3
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4.5], 'k', [T thin(:,5)
T thin(:,5)],[5 5.5], 'k');
Title('Simulated Spikes: Flat Plate');xlabel('Time
(sec)');ylabel('Trial number');axis([O 2 0
%BIN size
bin=70;
%Comparing Model vs. Experiment
y=hist (spike,bin);
yl=hist (T,bin);
%For experimental data
%Mean Histogrgam
for i=1:size(y,1)
neuro hist(i)=mean(y(i,:));
neuro error(i)=std(y(i,:),1);
end
delta thist=(spike(size(spike,1),1)-spike(1,
%Binning time
t hist(1)=spike(1,1);
for i=1:(bin-1)
t hist(i+l)=t hist(i)+delta thist;
end
t hist=t hist-spike(l,l);
neuro hist=neuro hist/delta thist;
neuro error=neuro error/delta thist;
%For Model
1)) /bin;
6]);
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3. 5],' k'Y, [T-thin( :,4) T-thin(:,4)], [4
%Mean Histogrgam
for i=1:size(yl,1)
neurohist1(i)=mean(y1(i,:));
neuro errorl(i)=std(yl(i,:),1);
end
delta thist1= (max (T (:1))) /bin;
%Binning time
t hist1(1)=T(1,1);
for i=1: (bin-1)
t histl(i+l)=t histl(i)+delta thist1;
end
t hist1=t histl-T(1,1);
neuro histl=neuro histl/delta thist1;
neuro errorl=neuro error1/delta thist1;
figure; plot(t hist,neuro hist, 'r*-',t histl,neuro hist1,'bo-
');Title('Average Neural Spike Frequency: Experiment vs. Model');
xlabel('Time (sec)');ylabel('Avergae Spike Frequency');
legend('Experiment','Pareto Model');
axis([O 2 0 max(neuro histl)]);
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A4. MATLAB Code to generate trace of surface deformation of the nematode
C.elegans
%Loading Images
%converting to grayscale
clear;
clc;
[X1,mapl] = imread('l mac.png');
I1=im2double(X1);
Il gray=rgb2gray(I1);
[X2,map2] = imread('2_mac.png');
12=im2double(X2);
12_gray=rgb2gray(I2);
[X3,map3] = imread('3_mac.png');
13=im2double(X3);
13_gray=rgb2gray(I3);
%loading data from excel
ndata = xlsread('worm defl.xls','
ndata2 = xlsread('worm defl.xls',
ndata3 = xlsread('worm defl.xls',
ndata4 = xlsread('worm defl.xls',
figure;
subplot(2,3,1); imshow(X1);title(
subplot(2,3,2); imshow(X2);title(
subplot(2,3,3); imshow(X3);title(
subplot(2,3,4); imshow(Xl); hold;
plot(ndata3(:,l), ndata3(:,2),'w:
plot(ndata3(:,3), ndata3(:,4), 'w:
title('Undeformed Image: Boundary
Deformed2');
'Deformedl');
'Undeformed')
'FE');
'Undeformed Image');
'Deformed Image');
'Deformed Image 2');
,'LineWidth',2
,'LineWidth',2
Trace');
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subplot(2,3,5);
plot(ndata2(:, 1)
plot(ndata2(:,3)
title ('Deformed
subplot (2,3,6);
plot(ndata(:,1),
plot(ndata(:,3),
title('Deformed
imshow(X2); hold;
ndata2(:,2),'w:','LineWidth',2);
ndata2(:,4),'w:','LineWidth',2);
Image: Boundary Trace');
imshow(X3); hold;
ndata (:,2), 'w:',
ndata (:,4) ,'w:'
Image 2: Boundary
'LineWidth',2);
'LineWidth',2);
Trace');
hold off;
figure;imshow(X2); hold;
plot(ndata2(:,1), ndata2(:,2),'w:',
plot(ndata2(:,3), ndata2(:,4),'w: ',
title('Deformed Image: Boundary Tra
'LineWidth',2);
'LineWidth',2);
ce');
hold off;
figure;imshow(Xl)
plot (ndata3 (:,1),
plot(ndata3(:,3),
scale=38/122;
%worm surf;
imshow(Xl); hold;
plot (ndata2 (:,l) +65,
20,'w:','LineWidth',
plot(ndata2(:,3)+65,
20,'w: ','LineWidth',
plot(ndata3(:,l)-5,
5, 'r: ', 'LineWidth',2
plot (ndata3 (:,3) -5,
5,'r: ','LineWidth',2
; hold;
ndata3(:,2), 'w:','LineWidth',2);
ndata3(:,4),'w:','LineWidth',2);
ndata2 (:,2) -
2,'MarkerFaceColor','w');
ndata2(:,4)-
2,'MarkerFaceColor','w');
ndata3 (:,2) -
,'MarkerFaceColor', 'w');
ndata3(:,4)-
,'MarkerFaceColor','w');
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hold off;
figure;
%Rotation Matrix
theta=5*pi/4;
R=[cos(theta) -sin(theta); sin (theta) cos(theta)];
Def=[ndata2(:,1)+65,ndata2(:,2)-20];
Undef=[ndata3(:,l)-5,ndata3(:,2)-5];
%Bottom Surface
Defl= [ndata2 (:,3) +65, ndata2 (:,4) -20];
Undefl=[ndata3(:,3)-5,ndata3(:,4)-5];
A def=R*Def';
A undef=R*Undef';
A defl=R*Defl';
A undefl=R*Undefl';
A def=A def'*scale;
A undef=A undef'*scale;
A defl=A defl'*scale;
A undefl=A undefll*scale;
%Centering the plot to 0,0
N defl=[zeros(size(A def,l),l),180*ones(size(Adef,l),1)];
N undefl=[zeros(size(A undef,l),l),180*ones(size(A undef,1),l)];
N def2=[38*ones(size(A def,l),l),zeros(size(A def, 1), 1)];
N undef2=[38*ones(size(A undef,1),l),zeros(size(Aundef,1),1)];
N def=N defl+N def2;
N undef=N undefl+N undef2;
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A def=A def+N def;
A undef=A undef+N undef;
A defl=A defl+N def;
A undefl=A undefl+N undef;
plot(Adef(:,1), A def(:,2),'ro','LineWidth',2);hold;
plot(ndata4(:,1),-ndata4(:,2),'k','LineWidth',2);
plot(Adefl(:,1), A-defl(:,2),'ro','LineWidth',2);
plot(-ndata4(:,l),-ndata4(:,2),'k','LineWidth',2);
plot(ndata4(:,3),ndata4(:,5),'k','LineWidth',2);
plot(-ndata4(:,3),ndata4(:,5),k','LineWidth',2);
legend('Experiment','FE solution');
AXIS ([-50 50 -50 40]);
figure;
plot(Adef(:,1),
-A def(:,2),'ro','LineWidth',2);hold;
AXIS([-30 30 -2 10]);
plot(ndata4(:,l),ndata4(:,2),'k','LineWidth',2);
plot(-ndata4(:,l),ndata4(:,2),'k','LineWidth',2);
legend('Experiment','FE solution');
hold off;
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A5. MATLAB Code to generate Hodgkin-Huxley model and fit to experimental
data (O'Hagan et al, 2005)
%Simulating Hodgkin Huxley model
clear; clc;
%Constants
Vm=-64;
dt=.2;
GNa c=26;
GK c=8.5;
EK=-64;
ENa=10;
ELeak=-66;
GLeak=0. 1;
Cm=23;
I max=8.8;
%Variable Initial Values
t (1) =0;
V (1) =Vm;
INa (1) =0;
IK (1) =0;
ILeak (1)=0 ;
%Input step currentr I(t) is applied between t start to
t start+t step
%Current Amplitude is I max
t step=35;
t start=106;
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t_end=t_start+t_step;
I t(l)=O;
%Sodium activation factor: initial value
alpham(l)=-0.1*(V(1)+37)/(-l+exp(-0.1*(V(1)+37)));
beta m(1)=4*exp(-(V(1)+62)/18);
%Sodium deactivation factor: initial value
alpha_h(1)=0.07*(exp(-0.05*(V(1)+62)));
beta_h(1)=1/(1+exp(-0.1*(V(1)+32)));
%Pottasium activation factor: initial value
alphan(l)=-0.01*(V(1)+52)/(-l+exp(-0.1*(V(1)+52)));
beta n(1)=0.125*exp(-O.Ol25*(V(1)+62));
%initial values of m,n and
m(1)=alpha m(1)/(alpha m(1)
n(1)=alpha n(1)/(alpha n(1)
h(1)=alpha h(1)/(alpha h(1)
GNa(l)=GNa c*m(
GK(1)=GK c*n(l)
h: initial values when dm/dt=0
+beta m(1));
+beta n(l));
+beta h(1));
1) A3*h (1);
A4;
for i=1:3000
if t(i)>t start && t(i)<t end
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I t(i)=I max;
else
I t(i)=0;
end
V(i+1)=V(i)+dt*(I t (i) -INa (i) -IK (i) -ILeak (i ) /Cm;
%Updating activation factors
%Sodium activation factor
alpha m(i+l)=-0.1*(V(i+l)+37)/(-1+exp(-0.1*(V(i+l)+37)));
beta m(i+1)=4*exp(-(V(i+l)+62)/18);
% Sodium deactivation factor
alpha h(i+l)=0.07*(exp(-0.05*(V(i+l)+62)));
beta h(i+l)=1/(1+exp(-0.1*(V(i+1)+32)));
%Pottasium activation factor
alpha n(i+1)=-0.01*(V(i+1)+52)/(-1+exp(-0.1*(V(i+1)+52)));
beta n(i+l)=0.125*exp(-0.0125*(V(i+1)+62));
%Update m, n, h
m(i+1)=m(i)+dt*(alpha-m(i+1)* (1-m(i))-beta-m(i+1)*m(i));
n(i+1)=n(i)+dt*(alpha-n(i+1)* (1-n(i))-beta-n(i+1)*n(i));
h(i+1)=h(i)+dt*(alpha-h(i+1)*(1-m(i))-beta-h(i+1)*h(i));
%ionic conductances
GNa(i+1)=GNa c*m(i+1)^3*h(i+1);
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GK(i+l)=GK c*n(i+1)^4;
%New Ionic currents
INa(i+1)=GNa(i+1)*(V(i+1)-ENa);
IK (i+1) =GK (i+1) *(V (i+1) -EK) ;
ILeak (i+l) =GLeak* (V (i+1) -ELeak);
t(i+1)=t(i)+dt;
end
I t(i+1)=O;
subplot(2,2,
(ms)');
1) ;plot (t,V) ;ylabel ('Membrane
subplot(2,2,2);plot
(ms)');
(t, I t) ;ylabel ('Applied
Voltage');xlabel('Time
Current');xlabel('Time
subplot(2,2,3);plot(t,mt,n, t,h);ylabel('activation
deactivation factors');xlabel('Time (ms) ') ;
legend (' In', 'n', 'h')
subplot(2,2,4);plot(t,GNa,t,GK);ylabel('Conductance');xlabel('Tim
e (ms)');
legend('G N a','G K')
%Time scale: 100ms = 36px
xscale=100/36;
%Voltage Scale:
yscale=5/44;
5mV =40 px,
Vdata = xlsread('worm defl. xls', 'OHagan');
5pA 40 px
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MRP=[(Vdata(:,1)*xscale)-183.3, (-Vdata(:,2)+200)*yscale];
MRC=[(Vdata(:,3)*xscale)-183.3, (-Vdata(:,4)+200)*yscale];
figure; hold;
plot(MRP(:,l), MRP(:,2),'ko','LineWidth',1);
xlabel('Time (ms)');ylabel('Membrane Potential Difference (mV)');
plot(t,V+64,'r','LineWidth',1.5);legend('OHagan data
(2005)','Hodgkin-Huxley fit')
hold off;
figure; hold;
plot (MRC (:,1),
'ko');plot(t,I
-MRC (: ,2)-1. 477,
t,'r','LineWidth',1.5)
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